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ABSTRACT
Many polymeric membranesare producedby phase inversion technique
inventedby Loeb andSourirajanin 1962.One of themostchallengingproblemsin
membraneindustryis to producemembraneswith desirablestructuralcharacteristics
whichcausebestperformancefora specificapplication.The solutionof thisproblemis
facilitatedby thedevelopmentof mathematicalmodels.
The polymericmembraneformationprocessis a complicatedprocessdue to
phaseseparation,simultaneousheat and mass transfermechanismscontrolledby
complexthermodynamicandtransportpropertiesof polymersolutions.In thiswork, a
fully predictivemathematicalmodeldevelopedby Alsoy (1998)was usedto describe
the mechanismsof membraneformationby dry castingmethod.Model equations
consistof coupledunsteadystateheatandmasstransferequations,film shrinkageas
well as complexboundaryconditionsespeciallyat polymer gas interface.A key
componentof themodelis incorporationof multicomponentdiffusioncoefficientsthat
consistof thermodynamicfactorsandself-diffusivities.Thepredictionsfromthemodel
providecompositionpaths,temperatureandthicknessof themembrane.Thebeginning
of phasetransitionwasdeterminedwhencompositionspathswereplottedon thephase
diagram.The modelwas appliedto celluloseacetate/acetone/watersystemwhich is
commonlyusedfor asymmetricmembraneformation.Themodelwasusedasa tool to
optimize membraneformationprocessby investigatingthe effect of gas phase
conditions,initialthicknessandcompositionof thecastsolutiononthefinalmembrane
structure.
The predictiveabilityof themodelwasevaluatedby comparisonwith thedata
obtainedfrom gravimetricmeasurements.Structuralstudieswere conductedusing
scanningelectronmicroscopy.Also, thepermeabilityof preparedmembranesto water
vaporwas measuredusing steadystatetechnique.Both experimentaland predicted
resultsindicatedthatmorphologiesrangingfromdensenonporousto asymmetricones,
inwhichadenseskinlayeris supportedby aporouslayer,canbeobtainedwithdrycast
technique.
oz
Polimerik membranlann c,:oguLoeb \Ie Sourirajan tarafll1dan 1962' de blll L1llan
"faz ayrIl111" yontemiyle Liretilmektedir. Membran endListrisindeki hedef. oze! i~lemlel(k
kullanlma uyglln yaplda yUksek performanslJ membranlann Liretilmesidir. BlI (J nile"
ula~J1masli~in matematik modeller geli~tirilmektedir.
Membran olu~umu; faz donLi~timLi. \Ie polimer ~ozeltilerinin k(Jrnl~l:;'lk
termodinamik-ta~lI1lm ozellikleri tmafll1dan kontrol edilen q zamanll ISI ve ktitle i ietJI11
mekanizmalan nedeniyle zor bir i~lemdir, Bu projede. kuru doklim metodu ile men br,lll
olu~um mekanizmasll1l tanlmlamak amaclyla Alsoy (1998) taraClI1elangeli~tirile 1 hiI'
matematik model kullanJ1ml$tlr. Model. yatl$kll1 olmayan durum i~in yazliml', Id
boyutlu ISI \Ie kLitle iletimini. film bLizLilmesini ve polimer-hava ara ylizeyindcki Slim
ko~ullanl1l tanlllllayan denklemlerden olu$maktadlr. Modelin en onemli kl~mlill
termodinamik ~arpanlardan ve oz yaYll1lmdan oIu$an ~ok bilqenli yaYll1lm kats<l:llarl
olu~turmaktacllr. Model . membran i~erisindeki deri~im dagJ1lmlannl. men bran
kaIlI1lJglnl \e slcaklJgll1l ongbrebill1lekteelir. Deri$im degi~jmlerinin faz di:'a~1',1III I
tizerinde gasterilmesiyle faz danti~timlintin ba~langlcl da belirlenebilir. [v10lei ill
uygulanmasl ic,:in.membran oIu$umunda tipik olmak kullanJ1an seltiloz asetat/a:,ct,'n SII
li~li.istiornek sistem almak seyilmi~tir. Gaz fazl ko~ul!annll1. daklim <;azeltisini 1 j 11\
kalll11lg1l11n\'e deri~imlerinin, membran yapisl lizerindeki etkileri incelenerek. III )elL'!
membran olu$L1mun optimize edilmesi amaclyla kullanJ1ml$tlr.
Madelin ongarLim yeteneginin dcgerlenclirilmesincle gra\'imetril-: bl<;LiIllI.rlkll
elde edilen \'eriler kullanJ1ml$tlr. Membran yapJ1an taramall elektron mikroskol'u ill
incelenmi$tir, Bunlann yanll1da. haZlrlanan mel1lbranlann su buhan gec;irgcnl kkrl
yatl$kll1 kO$lIllar altll1da alytilmti$ti.ir. . lodel \'e deneysel sonu<;lan. gazenekl hil
yapll1l11destck sagladlgl yogun ytizey tabakasl i~eren asil1letrik. \'c a\'nl !'an amLI
gozenel-:siz \e yogun morfolojil-: ozellil-:lere sahip membranlann. kuru eli kilnl
yontemiyle tiretilebilecegini gostermektedir.
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CHAPTER!
INTRODUCTION
After thedevelopmentof asymmetricmembranesby Loeb and Sourirajanin
1962,polymericmembraneshaveachievedcommercialimportancein manyseparation
applicationsin thechemical,food,pharmaceuticalndbiotechnologyindustries.
Asymmetricmembranesconsistof a thinselectivesurfaceskin layersupported
by a highly permeablenon selectivelayerwhich providesmechanicalstrength.The
majorityof asymmetricmembranesareproducedby phaseinversionprocess.Thephase
inversionprocesscanbe achievedthroughfour principlemethods:thedry cast,wet
cast,thermalcast and vapor inducedprocesses.The major challengein all these
processesIS to fom! defectfree, high permeabilityand high selectivitymembrane
structures.
The functionalbehaviorof polymericmembranesis closely relatedto the
membraneformationmechanism.Slight changesin themembraneproductionprocess
cangreatlyinfluencethefinalmembranemorphology.Therefore,mathematicalmodels
areneededto predictthe formationof membranesandto choosethebestmembrane
fabricationrecipesgivingoptimum,desiredmembranestructures.In thisway,extensive
andtimeconsumingtrialanderrorexperimentationis avoided.
Most of themodelsin theliteraturehavebeendevelopedfor thewet castand
thermalcastprocesses.In thisstudy,membraneformationby dry castingmethodwas
modeled.The dry cast processis characterizedby evaporationof solventand/or
nonsolventfrom an initially homogeneouspolymer solution. As a result of the
evaporation,the polymersolutionbecomesunstableand it is phaseseparatedinto
polymerlean and polymerrich phases.The final membranethicknessis usually a
fractionof theinitialcastfilm thickness.
Therehavebeenseveralmodelingstudiesin theliteraturewhich,mostof them
arerelatedto the evaporationand immersionstepsof the immersionprecipitation
technique.However,therearelimitedstudiesonthedrycastingtechnique.
In thisstudy,a modeloriginallyderivedfor multicomponentdryingof polymer
solutions(Alsoy 1998)was usedto predictthe membraneformationby dry casting
method. The model consists of coupled heat and mass transfer equations. film shrinkage
and boundary conditions. The complexity or the model equations is decreased by !Ising
a volume averaged reference frame in mass transfer equations and assuming tlI<.lI
temperaturegradients in the solution and substrate are negligible. The latter assllm,ltivll
is based on the fact that resistance to heat transfer in the gas phase is much greater thall
that in the solution and the substrate. The model can predict temperature and thicl Ill'S:--
or the membrane as well as the compositions of each component in the casting SOil [i(ln,
The onset of phase separation and the morphology of the tinal mcmbrane structl I'l' i;.
predicted \vhen the composition paths are plotted on the phase diagrams. The teln<ll'\
phase diagrams \'vere predicted using the Flory-Huggins thermodynamic theun 1\ ItiJ
constant intel'action parameters. The key component of the model is incorporati( 11 (li
llluiticomponent diffusion theory which predicts multicomponent ditlusivitics 1'1'( '/11
a\ailable sel f di ffusion and thermodynamic data.
The model \vas applied to the \\ell characterized cellulose acetate/acetone', aiel
systemand soh'ed numerically using finite difference technique, To facilitate num\ l'i\·;l1
solution. moving boundary was immobilized using an appropriate cOl)rd n;ltl'
transformation and nonuniform grid size distribution \\'as applied to estimate: h;ll')1
concentrationgradients accurately,
The model was used to investigate the effect of initial composition and thicl ill'S;'
01" the casting solution. e\'aporation conditions (ti-ee or forced convcction) and rcllli\ ('
humidity on the tina! membrane structure,
The experimental aspect of the thesis consists of three parts. First. the validity ul
thelllodel was cOlltirmed using the measurement of total evaporation rate by monit<lritlg
theoverall mass change as a function of time. Second. the morphology of the I,rel ,lied
membranes\\as investigated using scanning electron microscope pictures. Fill<llh. Ih\
\\ater \'apor permeability and density of membranes were measured.
. m I 'ie
CHAPTER 2
BASIC CONCEPTS OF MEMBRANES
Membranesarethematerialsusedin separationprocessesas a selective
barrierbetweentwophases.In principle,theaimis topermeatetheselectedcomponents
(permeate)of a phaseandrejectthe undesiredones(retentate).The separationmay
occurundera varietyof drivingforces(pressure,concentration,electrical,etc.),and a
varietyof continuosflowsasshownin Figure2.1.
:~ ~:R1it~t F
"'F
..- M..- co-currentflow
",P
P
crossflow
deadendflow
: ~====..-==~====~;:
counter-currentflow
completelymixedflow
F
M=Membrane
F=Feed
P=Permeate
R=Retentate
S=Sweep
Figure2.1.Typesof idealcontinuosflowsusedin membranesoperations.
The thicknessof a membranemay vary in the order of nanometersto
centimeters(Strathmann1986).Therefore, insteadof a single membranelayer,
membranemodulessuch as; hollow fiber, p1ate-and-frameand spiral wound, are
preferredfor separationprocess~s.
The separationcharacteristicsof membranesaredeterminedby the structure,
i.e.,dimensiondistribution,networkof pores,thicknessof denseskin layerand the
interactionof membranewith the componentseparated.Desirablepropertiesof a
membranetypically include(Strathmann1999);high selectivity,high permeability,
mechanicalndthermalstability,chemicalresistance,low fouling rateandlow cost.
Permeabilitycan be definedas the flux of permeating'substanceper unit of driving
forceandmembranethickness.Whereas,theselectivitycanbedefinedastheratiosof
thecomponentsin the upstreamto thosein the downstream.The permeabilityof a
membranecanbeincreasedby increasingthesurfaceareaof amembrane.However,the
selectivitycan only be increasedfor a specificmembraneby multi stageprocesses
whichleadtoanincreasein theoperatingcosts(RautenbachandAlbrecht1989).
2.1.Membraneprocesses
The use of membranesin separationprocessesare very broad.Applications
rangefromgasseparationprocessin a refineryto ahemodialysisoperationsin hospital.
In general,membranebasedseparationprocessesareclassifiedas: reverseosmosis,
ultrafiltration,microfiltration,gas permeation,pervaporation,dialysis, osmOSISand
electrodialysis.The classificationis doneaccording.to the membranematerialand
structure,driving force, methodof separationand rangeof .application.The basic
propertiesof theseprocessesarepresentedin Table2.1(Strathmann1986).
Table2.1. Membranetype, driving force and methodof separationIII membrane
separationprocesses(Strathmann1986).
SeparationProcesses MembranetypeDrivingForceMethodof Separation
Microfiltration
Symmetric embr n sHy r staticpr ssureSievi me hanism
0.1to 10!lmporeradius.
difference0.1to 1bar
Ultrafiltration
A y etricme br no
1to 10nm
i .5 5
ReverseOsmosis
Asy metricme brane 20Solution-diffusion
to 100bar
mecha ism
Dialysis
Symmetric bran sC n ntratiogradi ntDiff sion in convection
0.1to 10n
freelayer
Electrodialysis
CationandaniEl tric l ot t alcharg ndsize
exchangememb nes
gof pa ticl
2.2Membranematerials
PolymersandceramICSarewidely usedas membranematerials.Commercial
separationsareusuallydominatedby polymericmembranesdueto theircostefficiency
andperformance.However,ceramicmembranesarepreferredfor high temperature
applicationsduetotheirthermalstabilityathighertemperatures.Typicalpolymersand
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ceramICSusedin membranefabricationareshownin Table2.2.Amongthesematerials,
celluloseacetateandtriacetatearethemostpopularonesusedin reverseosmosis,ultra
filtrationandgaspermeationprocesses(RautenbachandAlbrecht1989).
Table2.2.Polymersandceramicsusedasmembranesmaterials.
cellulose 3-acetate,cellulose nitrate
Polyamide, polysulphone, polycarbonate,
polyetheylene,
Polymers
Modified natural
Synthetic
cellulose acetate, cellulose 2-acetate,
Inorganicand ceramICS Porous glass,graphiteoxide, Zr02, Al203
2.3.Membranestructures
The structureof a membraneis characterizedby fractionof denseandporous
layers,the shapeand size of the poresas well as the pore size distribution.Cross
sectionsof differentmembranemorphologiesareshownin Figure2.2(Kools 1998).
denseor homogeneous cylindiricalpores
~ ,,:;""•.••~ ,I •
...•...•'.,. ....'{'""" r'.:':('-':.1-..•':-"';. .:.•..:: .•.
. ~ . "'"' ~', . ~ . ~ . '\.. )-
t~\>fi.'!t~~i~'~'.~
denseandporouslayersof
samematerial:
integrallyskinned
.1. 0' • • • • • , • -. • •• ~. ••... . . . . •. . . . . . '" ~.~.
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porouslayeranddenselayerof
adifferentmateria!:
composite
polymerA polymerB 0 pore
Figure2.2.Crosssectionsof differentmembranemorphologies(Kools 1998).
5
The asymmetricmembranesoffer more advantagesthan the symmetric ones, therefore,
theyconstitutea major place in separationprocesses.An asymmetricmembranecan be
definedas a structurein which two or moredifferent morphological planesareobserved
undera scanning electron microscope as shown in Figure 2.3. The selectivity of the
membraneis determined by dense thin skin layer and the mechanical strength is
providedby thick porous layer. The thicknessof the skin layer may vary between0.1
andI 11mand the porous sublayercan be as thick as 200 11m.The fraction of dense top
layer and porous sublayer and the other structural characteristics of the membrane
shouldbe optimized basedon the specific applications, desired purity of the permeate
andoperatingcosts.
Porous
Sublayer
Figure 2.3. SEM pictureof anasymmetricmembrane(Altena 1982).
The transport mechanism within membranes is mainly determined by
morphologyof the membrane.In a densemembrane,the separationcan oCCLironly by
solutiondiffusion mechanism.In porous membranes,however, in addition to molecular
sieving,Knudsen diffusion and convective flow can contribute to the separation
mechanism(Zolandz andFleming 1992).
2.4.Membranemanufacturingtechniques
Polymeric membranes.can be produced by several techniques such as phase
inversion,sintering, stretching and track etching. Asymmetric membranes with
desirablestmctural features are obtained by phase inversion techniques.The phase
inversioncanbeachievedthroughfour principal methodsand they will be discussed in
detailin thefollowing chapter.
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CHAPTER 3
THERMODYNAMICS OF POLYMER SOLUTIONS
•
AND
PHASE INVERSION TECHNIQUES'
The useof membraneswerelimiteduntil Loeb andSourirajanintroducedthe
"phaseinversion"techniquein 1962.Sincethattime,thephaseinversionteclmique
becamethemostpopularmethodto preparepolymericmembraneswith asymmetric
structures.
In phaseinversiontechniques,a homogeneouspolymersolutionconsistingof
solvent(s)andnonsolvent(s)is caston a supportandthenevaporationof thecasting
solutiontakesplaceunderconvectiveconditions.During evaporation,the solution
becomesthermodynamicallyunstableand phase separatesinto polymer lean and
polymerrichphases.Thepolymerrichphaseformsthematrixof themembrane,while,
thepolymerleanphase,rich in solventsand nonsolvents,fills the pores.After the
polymersolidifies,theliquidin theporesis extracted.
SOLVENT NONSOLVENT
;!b h 0111SOE::::~ON~ . .----~- c) Quenching
SUPPORT Annealing
a) Preparation b) Casting +Evaporation
Figure3.1.Basicstepsinphaseinversiontechniques.
Basedontheexternaleffects,thephaseinversiontechniquescanbeclassifiedintofour
mamgroups.
1. ImmersionPrecipitation(Wetcasting)
2. Vaporinducedphaseseparation
3. Thermallyinducedphaseseparation
4. Dry- casting(Air casting)
Thetheoreticaltreatmentof membraneformationprocessby phaseinversion
techniqueconsistsof boththermodynamicandkineticaspects.Thecompositionandthe
temperatureat which thesystembecomesunstablearegovernedby thermodynamics
whereastherateof formationof phasesandthemasstransferin thesolutionis a kinetic
phenomena.The mechanismof asymmetricstructureformation through phase
separationis a rathercomplexphenomenandis alteredbythermodynamicconditionof
thesystemduringphaseseparation.
To makecommenton thebasicstructuresof themembraneformed,thephase
diagramof thesystemneedsto beconstructedandthekineticaspectmustbe coupled
withthethermodynamicaspectof thesystem.Therefore,beforegoing into detailsof
phaseinversiontechniques,thethermodynamicof binaryandternarysolutionswill be
discussed.
3.1.Phasebehaviorof polymersolutions
3.1.1.Phasebehaviourof binarypolymersolutions
A solutionconsistingof a polymerin a solventor in a mixtureof solventscan
exhibiteithersingle or multiplephasesat particularcompositionand temperature
ranges.Thepresenceof singleormultiplephasesis mainlydetelminedby theshapeof
theGibbsfree energycurveas a functionof composition.It is known from basic
thennodynamicknowledgethatat equilibriumthe free energychangeis minimum.
Although,it is not theonly condition,the freeenergychangeuponmixing mustbe
negativetoobtainasinglehomogeneousphasein asolution.This is illustratedin Figure
3.2,in whichthe freeenergychangecurveis negativeandconcaveupwardsfor all
compositionsof A andB components.
A
Q
Figure3.2.Freeenergycurveversuscompositionforabinarymixture.
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If twomixtureswith compositionsXS,1 andXS,2 aremixedwith an appropriateratio,a
solutioncan be obtainedwith a compositionof XS,M. The mixturewill havea free
energyvalueof Q, locatedon the curve,which is lower thanthe sum of the free
energiesvaluegivenby Q+. Q is lowerthanQ+; thereforethereis an increasein free
energyby separatinga mixturewith compositionXS,M indicatingthata homogeneous
solutionwith compositionXS,M is thermodynamicallystable.In fact, the mixtures
showingsucha concaveupwardsfree energychangecurve is homogeneousat all
compositions.
In Figure3.3-a,althoughthefreeenergychangeis negativefor all compositions,
unlikethecurvein Figure3.2,it is concavedownwardsbetweenthecompositionsXS,1
andXB,2. Thefreeenergyof themixturemayvaryalongthecurvebetweenpointsQ' and
Q". Thesolutionwitha compositionbetweenXS,l andXS,2 will havehigherfreeenergy
thanthatof phaseseparatedmixturesof thesecompositions.As a resulta solutionwith
inthiscompositionrangeis not thermodynamicallyfavoredandwill separateintotwo
phasesofcompositionXS,1 andXS,2'
Theslopeof thetangentline tobothof thepointsQ' andQ" is equalto thefirst
derivativeof thechangeof freeenergywithcomposition.Usingmolesratherthanmole
fractions,it canbeexpressedasequation3.1.
a6G
an
B n=nB.l
Fromthedefinitionof chemicalpotential,
n=nB.2
(3.1)
6Ji; - ~(6GM JRT an; RT ...
nJ.)~1
(3.2)
equations3.3and3.4areobtained,whichstatesthatthephaseswithmolefractionsXS,l
andXB,2 areatequilibriumwitheachother.
I 2
JiA = JiA
"I _ ,,2rB - rB
(3.3)
(3.4)
In Figure3.3-a,therearetwo inflectionpointsbetweenthepoints1 and2. The
linebetweenthepointsQ'-i and Q"-P"arestill concaveupwardsand is calledthe
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metastabler gion,while thelinebetweenP' andpOI correspondsto unstabletwo phase
regIOn.
toG t -+XB
XB,I XB)
A
XB,4 XB,2
(a)
SinglePhaseRegion
Critical
Point
Two PhaseRegion
..Binodal
(b)
!Till ~~
• compositionXB,2 D compositionXB,I
Figure3.3.(a) Free energycurveand (b) Phasediagramfor a binary systemand
possiblestructureformationin differentpartsof thephasediagram.
Thepointsof inflectionaredeterminedbythesecondderivativeof thefreeenergywith
respecttocomposition.
a!1j..iA _ a!1j..iB _ 0------
aXB OxB
(3.5)
(3.6)
In atypicalbinaryphasediagram,thelinecalledbinodalformstheouterborder
oftwophaseregion.Any twopointson thebinodalconnectedby a line correspondto
compositionsi two differentphasesthatare in equilibrium.So at any temperature,
10
equilibriumcompositionsaredeterminedby solvingequation3.3or 3.4.Spinodalline
fonusa borderbetweenmetastableandunstabletwo phaseregionsandit is calculated
fromthesolutionof equation3.6.The binodalandspinodallines coincideat a point
calledthecriticalpoint,whichis foundby solving
a3 I:!.G--=0 (3.7)
ax~
At anytemperatureabovethe criticalpoint,mixturesexhibit a singlephaseat all
compositions.
In unstableregion,thesolutionphaseseparatespontaneouslyinto two small
interconnectedphaseswith compositionsof XB,I andXB,2 . This is calledthespinodal
decomposition.I metastableregionthesolutionis stableagainstseparationintophases
ofneighboringcompositions.Therefore,unlikespinodaldecomposition,nospontaneous
demixingoccursin this regionandseparationtakesplaceby nucleationand growth
mechanism(Beltsiosetal. 1999).The formationof a newphasecanonly startaftera
stablenucleusis formed. In thepolymerleanphasewithintherangeof XB,1 andXB,3,
thepolymerichnucleiis formedwith a compositionof XB,2. In contrast,betweenthe
compositionsof XB,4 andXB,2, a polymerleannucleiwith a compositionof XB,1 is
formedin thepolymerrich phase.A homogeneousolutioncan enterthe unstable
regiondirectlythroughthe critical point or by crossing the metastableregion.
Therefore,generally,a solutionmustpassthroughthemetastableregionto enterthe
unstablearea.WijmansandSmolders(1986)proposeda hypothesisthat,thespinodal
compositionhasno role in membraneformation,since the nucleationand growth
mechanismwhichoccursin themetastableregionis fasterthanthe rateof masstransfer
inthesolution.
3.1.2.Phasebehaviourof ternarypolymersolutions
Thephasediagramof a ternarysystemcan be representedon a equilateral
triangleasinFigure3.4.Any pointonthistrianglerepresentacompositionandthesum
oftheperpendiculardistancesfromthispointto all sidesis unity.The comersof the
trianglecorrespondtopurecomponentswhereasthepointson thesidesof thetriangle
representthebinarymixtures.The ternaryphasediagramsalso includebinodaland
spinodallines,criticalpoint,singlephase,twophaseandmetastableregions.
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cSpinodal
A
Singlephaseregion
Metastableregion
Two phaseregion
Figure3.4.Sketchof changeof Gibbsfreeenergysurfacefor a ternarysolution
andternaryphasediagram.
3.2.Constructionof ternaryphasediagrams
Theanalysesontheconstructionof phasediagramsof ternarypolymersolutions
havebeendonebyTompa(1956),Altena(1982),Yilmaz andMcHugh(1986a).
Tampa(1956)simplifiedthebinodal,spinodalandcritical'pointequationsfor
ternarysystemsby assumingthatpolymer-solventandpolymer-nonsolventinteraction
parametersaswellasmolarvolumesof solventandnonsolventarethesame,
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(3.8)wherei * j
AItena(1982)presentedthebinodalandspinodalequationswith concentration
dependentinteractionparametersandstudiedtheeffectof interactionparameterson the
shapeofthephasediagrams.He haspredictedthebinodalonlynearthecriticalpoint.
Yilmaz and McHugh (1986a)have investigatedthe effect of constantand
variableinteractionparametersandthemolecularweightof thepolymeron thephase
diagram.They have tabulatedconcentrationdependentinteractionparametersof
solvent-nonsolventand solvent-polymerpairs for varietyof systems,includingCA,
acetoneandwater.As an importantconclusiontheyhavepointedout thatsolvent-
polymerinteractionparameterhasa criticalrole in predictingthephasediagramsof
polymersolutions.
In all thesestudies,Flory-Hugginsthermodynamictheorywasusedto predict
chemicalpotentialof components.Themainfeatureof thismodelis thatit neglectsthe
effectsof interactionenergiesontheentropyof mixingandusesalatticemodelto count
theconfigurationsof thesystem.Furthermore,it neglectsthefreevolumeeffectsand
doesnotapplytodilutesystems.
Accordingto Flory-Huggins theory,the Gibbs free energy expressIOnfor
multicomponentmixturesis givenasfollows(Tompa,1956):
t1GM
RT =In; In¢;+IXij¢;¢j .Im;n;
Usingconstantinteractionparameters,thisexpressionreducestothefollowingform.
(3.9)
inwhich1,2and3refertononsolvent,solventandpolymerrespectively.
Thethermodynamicequationsfor ternarysystemsbasedon theFlory-Huggins
theorywithvariableinteractionparametersarepresentedby Yilmaz (1986a).Using
equation3.2, and constantinteractionparametersthe chemicalpotentialof the 3
componentsforconstantinteractionparameterscanbeexpressedasfollows:
(3.10)
(3.11)
(3.12)
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At equilibriumthechemicalpotentialof thecomponentsin twophasesmustbeequalto
eachother.
where
and
Thespinodalequationforaternarysystemis givenin equation3.16.
G22G33 = (G23)2
( 8!:JlJ M J = !:J.Jl2 _ !:J.JlI8¢z T,P,'h Vz VI
(8!:J.GM J = !:J.Jl3 _ /::"JlI8rA T,P'¢2 v3 VI
(3.13)
(3.14)
(3.15)
(3.16)
(3.17)
(3.18)
(3.19)
(3.20)
Usingequations3.17through3.19eachtermin equation3.16canbeexpressedas:
G 1 VI22 =-+---2XIZ
¢I vz¢z
(3.21)
(3.22)
1 VI
G33 =-+---2X13
¢1 V3¢3
Thepointatwhichthebinodalandspinodalcurvescoincidecanbecalculatedby
solvingequations3.23and3.16simultaneously.
(3.23)
where
(3.24)
(3.25)
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1G233 =¢12
3.3.Methodof computationfor theconstructionof ternaryphasediagram
(3.26)
(3.27)
In typical binary and ternaryphasediagramsthe compositions of the phasesin
equilibriumare shown by the tie line. The endsof this line are l~catedon the binodal
curve.Therefore, the combination of the tie lines gives the binodal. Arranging
equations3.13through3.15 and using materialbalancein both phases,the tie lines can
becalculatedby solving following setof equations.
;]"JL. - ;]"JL./F. = . ',r "
I RT
3
F4 =1-L¢;,/
;;1
3
Fs =1-L¢;,r
;;1
i =1,2,3 (3.28)
(3.29)
(3.30)
(3.31)
The choice of one of the volume fractions In one of the phases as the
independentvariableleadsto a systemof 5 equationswith 5 unknowns.
To constructthe phase diagram, an appropriateobjective function given by
equation3.31 was minimized using least square method (Hsu and Prausnitz 1973,
Altena1982,Yilmaz 1986).
OBJ ~L:( LI,u;R~/,u;J
The difficulties in computation have extensively been explained by Altena
(1982)andYilmaz (1986). Similar problems were also observedin this study. Due to
thenatureof polymer-nonsolventinteraction,thepolymer concentrationin thepolymer-
leanphase(¢3,/ ) approachesto zero for most of the equilibrium points. Yilmaz (1986)
hasreported¢3,/ as low as 10,30.Within this region, the routine sometimesassumesa
negativevaluefor thepolymervolume fraction, and it can causethe program to stop
becauseof thelogarithmicoperationin thechemicalpotentialexpression.
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To overcomethisproblem,thepolymervolumefractionwasassumedtobezero
in thepolymerleanphase.This reducesthechemicalpotentialequations3.10and3.11
forthepolymerleanphasetoequations3.32and3.33.
(3.32)
(3.33)
Thechoiceoneof thecompositionsastheindependentvariablein conjunction
withthematerialbalance,reducesthenumberof unknownsto three.For example,if
oneof thecomponentsin thepolymerleanphaseis chosenastheindependentvariable
thefunctionstobeminimizedbecomeasfollows:
~.j.1'/ - ~II.F. = " r',r
, RT
)
F) =1-L¢i,r
i=1
i =1,2 (3.34)
(3.35)
Nearthecriticalpointregion,wherethecompositiondifferencesarenot large,
theroutinecanequatethevolumefractionsof thepairsin bothphases.In ordertoavoid
suchatrivialsolution,Hsu andPrausnitz(1973)modifiedtheobjectivefunctioninto
thefonn
(~ _ ~ )2 (RT)-2
OBJ =L f.1i,/ f.1i,r r
i (¢i,/-¢i,J
(3.36)
wherethevalueof r wasrecommendedas 2 or 4. Yilmaz andMcHugh(1986)have
notedthat, introducingsuch a penalty function has slightly improved their
computationalproblems.
Thecalculationof thetie lineswas startedfromnearthepolymer-nonsolvent
lineandproceededthroughthecriticalpoint.Thevolumefractionof onecomponentin
oneoftheequilibriumphasewasusedastheinitialguessin thecalculationof thenext
tieline.So,in casethefirsttie line is calculatedproperly,theroutinerunswithoutany
userinputguess.
Thenumberof unknownsin thespinodalequationarereducedto oneby using
materialbalanceand choosingone of the volume fractionsin one phaseas the
independentvariable.Computationalmethodfor thespinodalineis similarto thatused
forthebinodalline.
16
The criticalor plait pointwas calculatedby solvingequations3.16and3.23.
Thispointwasalsoapproachedas thedistancebetweentheendpointsof thetie line
decreased.All equationsusedin constructingtheternaryphasediagramsarenonlinear
in natureand they were solvedby using an IMSL routinecalled DNEQNF. The
programcodeswrittenin Fortranweregivenin theAppendix.
3.4.Phaseinversiontechniques
3.4.1.Thermallyinducedphaseseparation(TIPS)
In TIPS process,a homogeneouspolymersolution,comprisinga solventor a
mixtureof solventsandnonsolvents,is phaseseparatedby loweringthetemperatureof
thecastsolution.Refening to Figure 3.3, when the temperatureof the mixtureis
loweredbelowthe criticalpoint temperature,then the solutionpassesthroughthe
binodalcurveandentersthemetastableregion(Witteet al. 1996).If thepolymeris
amorphous,microporoustructurescanbe obtainedby liquid-liquidphaseseparation
followedby the gelationof the polymer (Laxminarayanet al. 1994).For semi-
crystallinepolymer,crystallizationcombinedwith liquid-liquidphaseseparationare
responsibleforstructureformation(CanebaandSoong1985).
3.4.2.ImmersionPrecipitation(Wet casting)
Thefirstasymmetricmembranesmanufacturedfor reverseosmosisapplications
wereproducedusing immersionprecipitationtechniqueby Loeb and Sourirajanin
1962.Sincethen,bothexperimentalandmodelingeffortsin the areaof asymmetric
membraneformationhavebeenfocusedon thistechnique.The analysisof immersion
precipitationprocessis morecomplicatedthantheTIPS process,sincethesystemis a
ternarymixture.
Theprincipalstepsof immersionprecipitationcanbesummarizedasfollows:
1. Thepreparationof thepolymersolutionconsistingof a polymerand a solvent
and/oranonsolvent.
2. Castingofthehomogeneoussolutiononaglass,metalornonwoventextilefabric.
3. Evaporationstep
4. Immersionfthecastsolutionintoanonsolventbath
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5. Extractionof thesolventandnonsolventfromthemembraneandfurthertreatment
suchasannealing.
In Table3.1a recipefor theproductionof celluloseacetatemembraneby immersion
precipitationmethodis given(RautenbachandAlbrecht1989).
In wet castingtechnique,the structureandperformanceof the membraneis
mainlycontrolledby immersionstep.As illustratedin Figure3.5,duringan immersion
step,castingsolventdiffusesintothenonsolventbathandcounter-currently,nonsolvent
in the bath penetratesinto the polymer solution.'Therefore,complex diffusion
phenomenaplayanimportantroleonthefinalstructure.
For a specific polymer, solvent and nonsolvent,the morphologyof the
membrane,and consequently,separationcharacteristics,can be alteredby changing
concentrationi the castingsolution,evaporationtime and conditionsas well as
temperatureandcompositionin thebath.
Table3.1.Recipeof a celluloseacetatemembraneby immersionprecipitationmethod.
(RautenbachandAlbrecht1989).
CastingSolution
PrecipitationAgent
ProcessStage
Celluloseacetate 22.2%
Acetone
66.7%
Water
10.0%
Mg(CI04)2
1.1%
Water Castingtemperature
°
-7.5to -16 C
°Evaporationtemperature
-7 5to -16 C
Evaporationtime
3 min
°Gel ba htemperature
1-5 C
Annealingtemperature
77-83°C
Annealingtime
5 in
NS bath
nonsolvent
Polymer+
Solvent
Figure3.5.Schematicrepresentationof theimmersionstep.
18
It was proposed thattwo types of demixing process,delayedand instantaneous
precipitation,can takeplace in the immersedsolution (Reuversand Smolders 198~).In
delayedprecipitation,thedemixingprocessdoesnot occur at the instantof precipit ttion
andthemembraneis formedwith a thick. denseskin and a sponge-typestructurei 1 the
sublayer.Such membranes can be used in gas separation application where high
selectivityis desired. In contrast, in the instantaneousprecipitation. the dem xing
process tartsat the instantof precipitation.which yields a thin skin layer over a h'ghl)
porouslayer.If the defectsin thethin skin causedby the strongnonsolventint10\' can
beprevented.a very rapid precipitationmay result in the formation of closely p8.:kecl
spheresandnodulesin thetop layer(Tsay and McHugh 1992.Wienk eta!. 1996).
The main discussionabout immersionprecipitationtechniqueis thenecessi~yor
theevaporationstep prior to immersion and its effects on final membraneSlru<Ime,
Basedon the predicted composition paths shown in Figure 3.6: Tsay and Me] luglJ
(1992) proposedseveral structuresproduced by wet casting with and without Jriol
evaporationstep. Pinnau and Koros (1993)noted that, the formation of ultrathin alld
defectfree skin layer is not possible without a forced evaporation step. ~ollle
experimentalstudiesalso suggestthatan optimum evaporationtime before quemhing
enhancetheformation of defect free membraneswith betterseparationcharactel"slie~
(PinnauandKoras J 99J, Yamasaki etal. J 999).
3AJ. Vapor induced phaseseparation
In vapor induced phase separation technique, the polymer solution is rh"sc
separatedby thepenetrationof thenonsolventfrom thevapor phase.The studiesOJ this
techniqueis fairly limited (Witte et a!. J 996). In this technique.the mass transler is
muchmore slower than that in the immersion precipitation technique. So a /lat
concentrationprofile is obtained in the final membranewhich yields to a symn elric
structure(Wijmans and Smolders. J 986).In addition, if the vapor phase is satu'aled
withthesolvent.the skin formation can also be obstructed.The pore dimensi(In i~
determinedby the process parameterssuch as vapor pressureof the nonsolvent ancl
polymerconcentration.The experimentalstudies indicate that the more pores C,IIl be
obtainedwith increasing relative humidity and decreasing polymer concenlrItion
(Matsuyamaeta!. J 999,Park eta!. J 999).
IC)
Solvent
Nonsolvent Polymer
(a)
MembraneProcesses
withor withoutevaporationstep,no phase
transformationoccursbeforequenchingstep
I
CtoD
defect-freeskin
fingersublayer
I
BtoC
I
defect-freeskin
fingersublayer
with forced-convectionevaporation,phase
transformationoccursbeforequenchingstep
(thinskin forms)
I
AtoB
defect-freeskin
spongesublayer
instantaneous
precipitation
defectedskin
fingersublayer
I
delayed
precipitation
I
thickskin
spongesublayer
(b)
Figure3.6. (a) Ternaryphasediagramand concentrationpaths during membrane
formation,(b) morphology-processrelationship.(Reproducedfrom Tsay
andMcHugh,1992)
3.4.4.Dry casting(Air casting)
Dry castingmethod,the subjectof this thesis,involvesthe evaporationof
solventandnonsolventfrom a at least ternarysolutionto manufacturea porous
membrane.If thesolventusedin thesolutionis morevolatilethanthenonsolvent,the
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concentrationof solventdecreasesrapidlyand phaseseparationis achieveddue to
fractionalincreaseof the nonsolvent.Dependingon the processconditions,dense,
symmetricandasymmetricmembranescanbeobtained.
GAS PHASE
........................SOLUTION- AIR
INTERFACE
Figure3.7.Schematicof drytastingmethod.
The mam parametersthat affect the membranecharacteristicscan be
summarizedas:
• typeof solventsandnonsolvents,
• molecularweightof thepolymer,
• compositionandthicknessof theinitialcastingsolution,
• initialtemperatureof thesolutionandatmosphere,
• rateofevaporation
A typicalfeatureof thistechniqueis theformationof a skinlayerduetothefast
evaporationf solventfromthesolution-airinterphase.This will leadto theformation
of steepconcentrationgradientsand an increase of polymer and nonsolvent
concentrationsatthesurfaceas illustratedin Figure3.7. In addition,theshrinkageof
thefilmoccursdueto solventandnonsolventloses.If theboilingpointof thesolventis
lowenoughsignificantevaporativecoolingeffectscanbe observed(Greenberget al.
1995).
A wide rangeof morphologycan be obtainedwith the dry castmembrane
formationprocess.Main attemptsweremadeon theinvestigationof theformationof
macrovoidsinthemembrane.A numberof hypotheseswereproposedontheformation
ofmacrovoids(Shojaieet al. 1994b).It was statedthat,a macrovoidcan be formed
fromanucleiof a polymer-leanphaseif thecompositionof the solutionaroundthe
nucleiis table.In addition,thepolymermolarvolumewasfoundto bethekeyfactor
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formacrovoidformation.The experimentalstudiessuggestedthatasthemolarvolume
ofthepolymerincreasestheformationof macrovoidsdecreasesandinterconnectedpore
structurescanbeobtained.On thecontrary,theuseof polymerwith low molarvolume
leadsto macrovoidformationin themembranewith a impermeableskin layer(Zeman
andFraser1993).
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CHAPTER 4
DIFFUSION IN POLYMER SOLUTIONS
Diffusion in polymersolventsystemsplays an importantrole in membrane
formationprocessesas well as in other polymer processing steps such as
devolatilizationof residualsolvents,formationof films, coatingsetc.The fundamental
physicalpropertyrequiredto designand optimizetheseprocessesis the mutual
diffusioncoefficient,so,predictionof diffusioncoefficientsis crucial.
Severaltheoriesexistfor predictingandcorrelatingthediffusioncoefficientsof
smallmoleculesin liquidsandgases.However,thesetheoriesarenot applicablefor
polymer-solventmixturesdueto complexchainlike structureof polymers.In contrast
to low molecularweight systems,the diffusivitiesin polymersolutionsare strong
functionoftemperatureandcomposition.
Differentformalisms,basedon thefreevolumetheory,havebeendevelopedto
predictselfdiffusioncoefficientsin polymersolventsystems.However,not self but
mutualdiffusioncoefficientsare requiredin definingmost processesof industrial
interest.Therefore,a few modelshavebeenproposedfor relatingtheself diffusion
coefficientstothemutualonesin multicomponentsystem.
In thefirstpartof thechapter,thebasisof freevolumetheoryandthenVrentas-
Duda(VrentasandDuda1984)freevolumetheorywill beoutlined.In thesecondpart,
therelationshipsbetweenself and mutualdiffusioncoefficientsin both binaryand
ternarymixtureswill begiven.
4.1.Free-volumetheory
Thefreevolumetheorywas first introducedby CohenandTurnbull in 1959
(KuminsandKwei 1968).In this theory,the small moleculesare assumedas hard
spheres,andif oneof thespheresmovesin anydirectionandleavesa spacebehindit,
anotherspheremayjumpto thisvacancy.Suchdisplacementsin a bulkof liquid result
indiffusivemotion.Hence,thedifftlsionconstantcanberelatedto theaveragenumber
ofjumpsperunit timeand thejump distance.Accordingto this theory,diffusion
coefficient is proportional to the probability of finding a hole of sufficient size Jnd it IS
gin~.1in equation 4.1.
[ r··]
-'I
D,= Aexp -V-I-
I .+. I )
where r" is the mll1ImUm hole size into which molecule can Jump and r' 'i; IhL
ayeragehole free volume per sphere. The proportionality consmnt A. is related to th,' t'a~
kinetic \'elocity and y is the overlap factor to account for the ovcrlap bet\\cen tlCL'
yoillme elements.
Numcrous investigators have extended Cohen and Turnbull's th~e \0 1I111l'
concepts to describe molecular transport in concentrated polymer solutions. AI lOll!:,
theseformulations. the most successful one \\as derived by Vrentas-J)uda and it \\ II hI
main focus of the next section.
·n.Vrentas-Duda free yolume theory
In Vrentas-Duda free volume theory. total volume of the liquid is divided i/lt(\
t\\"oparts:occupied volume and free volumc. as shown in Figure -Ll. Total Ij'ee \() Ull1l
is also splitted into two parts: hole free volume which is available for mole :ulal
transportand interstitial ti'eevolume which is unavailable for molecular transport.
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To describethe self diffusioncoefficientof a singlecomponentin a binary
mixture,VrentasandDudamodifiedequation4.1asfollows:
[-rV;*]
D = DOl exp -_--
VFH
(4.2)
inwhichV;* is thecriticalmolarfreevolumefor ajumpir1gunitof species1 tomigrate
andVm is thefreevolumepermoleof all individualjumpingunitsin thesolutionand
isgivenbythefollowingequation.
where,
V- - VFH .
FH - [ CUI CU2]
--+--
Mlj M2j
(4.3)
VFH =averagespecificholefreevolumepergramof mixture.
Mij =molecularweightofjumpingunitof speciesi.
Combiningequations4.2and4.3theyderivedfollowingexpressionfor solvent
selfdiffusioncoefficientin polymersolution.
(4.4)
inwhichDOlis thepre-exponentialfactor,E is theactivationenergyrequiredfor a
jumpingunittobefreefromitsneighbors,f/;* is thespecificcriticalholefreevolumeof
componenti requiredforajumpand ~= V;;/fl2~.
In equation4.4,thecriticalpointis thedeterminationof thefreevolumeof the
liquid.Vrentasand Duda haveproposeda fully predictivetheorythat relatesthis
expressiontosomepropertiesof solventandpolymer.
Finally,they definedan expressionfor the specifichole free volumeas in
equation4.5asa functionof volumetriccharacteristicsof thepurecomponentsin the
solution.
(4.5)
wheresubscripts1 and2 denotesolventandpolymerrespectively.KII, K21 andK12,
K22 arethefreevolumeparametersof solventandpolymer,respectivelyandTg is the
glasstransitiontemperature.
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(4.6)
The basicfreevolumeexpressionfor a binarysystemhasbeenextendedfor a
ternarysystemby consideringthedistributionof availableholefreevolumeamongall
jumpingunitsof solvent1,solvent2, andpolymer3, andthecontributionsto thehole
freevolumefromtwo solventsaswell as thepolymer(FergusonandMeerwall 1980,
Vrentasetal. 1984).Includingthesemodifications,selfdiffusioncoefficientsof solvent
1and2 in aternarymixturearegivenasfollows:
D =D (_r(CVI~' +CV2V;~13/~23+CV3V3'~13)J
I 01 exp A
\. Vm
(4.7)
(4.8)
4.3.Estimationof freevolumeparameters
The freevolumeparameterscan be estimatedif chemicalstructureof both
solventsandpolymers,viscosityof eachpurecomponentanddensityof puresolventsat
differenttemperatures,criticalmolarvolumeof the solventsandthe glasstransition
temperatureof thepolymerareknown.
Thecriticalmolarvolumeof eachcomponent,~', is estimatedas thespecific
volumesof thatcomponentsat 0 OK. The groupcontributionmethodscanbe usedto
estimatehemolarvolumesat0 OK.
Thefreevolumeparametersof thepolymeraredeterminedby fittingviscosity
dataofpurepolymerandsolventto theexpressionwhich relatestheviscosityto the
holefreevolumeof thesystem(Doolittle1951).
(4.9)
where,rh istheviscosityof thepolymer.
If thepolymer'sglasstransitiontemperatureis knowntheWilliams-Landel-Ferry
(WLF) equationis analternativexpressionfor predictingthefreevolumeparameters
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of thepolymer(Dudaet al. 1982).For mostof thepolymerstheWLF constantsare
predictedfrom viscositytemperaturedata(Ferry 1980)and can be relatedto free
volumeparametersasin equations4.10and4.11.
K CWLF22 - 22 (4.10)
(4.11)
The otherparametersin equations4.4and4.5, Do' E, K11 /y, and K21 -Tg1,
canbe estimatedusing equation4.12 which is obtainedby equatingthe Dullien's
expressionto theVrentas-Dudafreevolumeequation(ZielinskiandDuda 1992,Hong
1995).
(4.12)
whereM1 and V;. are the solvent'smolecularweight and critical molar volume
respectively.
In this equationthe only temperaturedependentparametersare the viscosity
(TJpg / em.s),andthespecificvolume(V; ,em3/ g) of thepuresolvent.The 0.124xlO-16
isaconstantandhasaunitsof mol2l3. Theenergyeffectscanbeassumedasnegligible
andinsuchacaseE canbeequatedto zero.As aresult,equation4.12becomesa three
parameterr gressionproblem.
Theonlyremainingparametertobeestimatedin equation4.4is theratio(C;) of
themolarvolumeof thesolventjumping unit to thatof thepolymerjumping unit.
Assumingthatsolventsmoveasawholeunit,thenit maybeexpressedas:
(4.13)
inwhich,M2j representsthemolecularweightof thejumpingunit of thepolymer.
ZielinskiandDuda(1992)proposeda relationshipin which the size of a polymer
jumpingunitis independentof thesolventand is polymerspecificas givenby the
equation4.14.
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(4.14)
A.
rV2 q =j3~O(0)
K12
Accordingto this relationship,once j3 is known for a specificpolymerthe
c;parameterfor anysolventin thatpolymercanbedetermined.
4.4.Determinationof themutualdiffusioncoefficients
4.4.1.Solvent-Polymer:Binary systems
Theformalismderivedforpredictingmutualdiffusioncoefficientof a solventin
thebinarysolutionis well establishedandhasbeensuccessfullyused.Accordingtothis
fonnulation,mutualdiffusioncoefficientis a functionof theself diffusivityand the
thennodynamicfactorasgivenby equation4.15.
(4.15)
The chemicalpotentialof the solventis representedby Jil' For polymer
solutionsthere are several thermodynamicmodels to determineconcentration
dependenceof chemicalpotentials,however,Flory-Hugginstheoryis themostwidely
usedone.Whenthechemicalpotentialof thesolventis representedby Flory-Huggins
theory,
o
Jil - Jil = In"" +(1- 2)"" +X ",,2
RT 'f'1 V2 'f'2 12'f'2
thenequation4.15reducesto:
(4.16)
(4.17)
In equation4.16and4.17,¢1 and¢2 representthevolumefractionof thesolvent
andpolymerespectivelyand X is the interactionparameterbetweensolventand
polymer.
4.4.2.Solvent-Solvent-Polymer:Ternary systems
Diffusionin multicomponentsystemsis commonlyencounteredin practical
applications.However,thereareonlya fewmodelsavailablein theliteraturetopredict
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multicomponentdiffusivities. The lack of formulationsis due to increasingnumber of
diffusion coefficientsas well as dueto lack of enoughexperimentaldatato validatethe
models. If the multicomponentflux equationsare written using the Fick's law as in
equations4.18 and 4.19 for a ternary system, it can be seen that four independent
diffusion coefficients are required. The diagonal terms, D11, D22 are called main
diffusivitiesand theoff-diagonaltermsD12, D21 arecalledcrossdiffusion coefficients.
J~ =-D api -D ap2
I II ax 12 ax
J~ =-D api -D ap2
2 21 a 22 ax x
(4.18)
(4.19)
(4.20)
For an componentsystem (ll -1)2diffusion coefficientsareneeded.
Recently, two alternative methods, based on the Bearman' s statistical
mechanicaltheory (Beamlan 1961),havebeenproposedby Alsoy (1998) relating both
main and cross mutual diffusion coefficients to self diffusion coefficients and
thennodynamicdata.
In the Bearman' s approach the frictional force, the right hand side of the
equation4.20, is a function of the velocity difference and the friction coefficient
betweentwo species.
dJL, = _f Pj Sij(v,-v)
dx j=1 Mj
Accordingto this equationthe chemicalpotentialgradient,which is the actual driving
forcefor diffusion, is equalin magnitudeandoppositein sign to thefrictional force.
In Bearman's formulation, the self diffusion coefficients can be expressedin
tennsof five friction coefficients, which provide a link between self and mutual
diffusivities.The practical application of Bearman'stheory is currently not possible
sincetheconcentrationand the temperaturedependenceof friction coefficients are not
known.To overcome this problem, Alsoy (1998) proposed two different diffusion
fonnalismsby imposingsomeassumptionsthroughindividual friction coefficients.
In thefirst case,it was assumedthattheratio of the friction coefficients is equal
to theratio of their molar volumes. With such an assumption,the main and cross
diffusioncoefficientsaregivenby theequations4.21-4.24.
D = DIPI (aJL] JII RT a'PI
(4.21)
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D =DIPI (alll J12 RT a'P2
(4.22)
D = D2p2 (a1l2J21 RT aPI
(4.23)
(4.24)
...;
D = D2p2 (a1l2 J22 RT ap
In thesecondcase,thefriction coefficientsamongall of thesolutemolecules are
identicallyequal to zero (i.e, (II =(22=(12=0). Then the mutual diffusion coefficients
aregivenby equations4.25-4.28.
(4.25)
(4.26)
(4.27)
(4.28)
In eachcase,multicomponentmutualdiffusivities arerelatedto self diffusivities
andthennodynamicfactors, both of which can be predicted using free volume and
Flory-Hugginsthermodynamic theories. The validity of both formulations were
implicitlytestedfor ternarypolymersolutions (Alsoy andDuda 1999).
4.5.Determinationof Flory-Huggins interaction parameters
Predicting mutual diffusion coefficients from self diffusivities and
thermodynamicfactors requires to know the Flory-Huggins interaction parameters
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(4.29)
betweenthe species.This parameter,X, can be determinedfrom solubilitydatain
whichthe equilibriumweightfractionof thesolventin thepolymeris known as a
functionof solventvaporpressure,PI, usingtheFlory-Hugginsequation.
~ 2
-0 =¢,exp(¢2+X¢2)
~
where~o is the solventsaturationvaporpressure.The solventweightand volume
fractionsarerelatedthrough:
(4.30)
If solubilitydatais available;X can be predictedby usingBristow's(Bristow and
Watson1958)semi-empiricalequation.
(4.31)
where0; is thesolubilityparameterof componenti. Extensivetablesfor thesolubility
parametersof bothpolymerandsolventarereportedin Polymer'sHandbook(Grulke
1999).
In this work, the interactionparametersfor CA/water, CA/acetone and
acetone/waterwereobtainedfromDabraletal.(1998)as,1.4,0.5and1.3,respectively.
4.6.Calculationof freevolumeparametersof eAJ AcetonelWatersystem
Thefreevolumeparametersof acetoneandwaterwerereportedin theliterature
byZielinskiandDuda (1992)andHong (1995).Thesevalueswere regressedfrom
molarvolumeandviscositydataandtabulatedin Table4.1.
Table4.1.Freevolumeparametersof acetoneandwater
V· Vo(O) (Kj'/Y) K21-Tgl D~I
em3/g em3/mol em Ig.K K cm Is
-A7'"c-et-o-ne--=-0.-::-94354.77 9.83xIO=l -12.12 14.3x10·4
Acetone 0.943 1.86xlO'3 -53.33 3.6x10-4
Water 1.071 2.18x10·3 -152.29 8.55x10-4
Reference
Zielinski andDuda(1992)
Hong (1995)
Hong (1955)
However,neitherfreevolumeparametersnorWLF constantsforcelluloseacetate(CA)
werereportedintheliterature.To determinethesepolymerspecificparameters,K13 / r ,
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K23 - Tg3, aswell asthemixtureparameterV3•~23' theexperimentalself diffusiondata
of Andersonand Ullman (1973)andPark (1961)were fittedto Vrentas-Dudafree
volumetheory.In theexpression,thefreevolumeparametersof acetonewereobtained
fromHong(1995)andenergyeffectswereassumedtobenegligible.Thecomparisonof
experimentaldatawith thecorrelationis givenin Figure4.2andthefittedparameters
aretabulatedin Table 4.2. The accuracyof the regressedvaluesis high since the
calculatedselfdiffusioncoefficientsarein goodagreementwith theexperimentaldata.
Theproductof criticalmolarvolumeof polymerwiththeratioof jumpingunitof water
tothatofpolymer, V3•~13 ' wasobtainedfromthefollowingequation
v·j: = ~·Ml
3 ~13 M
3j
(4.32)
in whichjumpingunit of polymer,M3j, was calculatedas follows using the values
determinedforacetone.
M _ V;M2
3j - V. j:3 ~23
(4.33)
Thesummaryof all freevolumeparametersandFlory-Hugginsinteractionparameters
isgiveninTable4.3.
Table4.2.Freevolumeparametersof CA/acetoneandCA/watersystems
(K12/Y)
cm3jg.K
3.64x10-4
3.64x10-4
K22-Tg2
K
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Figure4.2.Theselfdiffusioncoefficientof acetonein celluloseacetateasa functionof
weight fraction. Comparisonof the experimentaldata (Anderson and
Ullman1973,Park1961)withthecalculatedselfdiffusioncoefficients.
Table4.3.Free volumeandFlory-Hugginsinteractionparametersusedin diffusivity
correlations.
Parameter
CA/AcetoneCAIWater
2
3.610~8.551001Do emIsee
Ei llmo1
00
KIIly
3
0. 186.00218em IgK
3
03 40364KI2/y
K21-Tgl
K -5 .33-152. 9
K22-Tg2
-240-24
A,
3 0.9 3. 71
~
m/gr
c;13V3'
0.71525
X
0.5
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CHAPTERS
MODELING OF MEMBRANE FORMATION BY DRY CASTING METHOD
Themorphologyandperformanceof membranescanbesignificantlyalteredby
bothprocessingand castingconditions.Slight changesin themembranefabrication
recipescan greatlyinfluencethe final membranemorphology.A fully predictive
mathematicalmodelprovidesa convenientmeansof investigatingtheeffectof different
parameterson thefinalmembranestructureandeliminatestheextensivetrialanderror
experimentation.These facts are considerablemotivationsfor the developmentof
mathematicalmodels.
The modelingof membraneformationprocessby dry castingmethod is
complicatedduetophaseseparation,simultaneousheatandmasstransfercontrolledby
complexthermodynamicand transportpropertiesof polymersolutions.Most of the
workin literaturehasfocusedonthemodelingof wetcastingmethod.Thereexistonly
a fewmodelson thedry castingtechnique.The modelsdevelopedfor the wet-cast
methodcannotbeusedasabasisfor modelingdrycastprocess,sincethelatterprocess
involvescoupledheatandmasstransport.Hence,in thisthesis,a fully predictivemodel
wasusedfortheformationof membranesthroughthedrycastprocess.
Theoreticaltreatmentof membraneformationprocessrequiresto combine
kineticsand thermodynamicsof the system simultaneously.Thermodynamic
considerationis necessaryto draw a phaseboundaryline, to formulateboundary
conditionsand diffusivity relations.On the other hand, kinetic considerationis
necessaryto predictthecompositionpathsin the membrane.When thesepathsare
plottedon thephasediagram,they provideinformationaboutthe final membrane
structure.
Thischapterconsiststhreeparts.In the first part,prevIOusstudieson phase
inversiontechniqueswere criticized,detailedderivationof the dry castingmodel
equationswas given,and computationalmethodfor solving theseequationswas
discussed.In the previouschapter,most of the model parameters(free volume
parametersandtheFlory-Hugginsinteractionparameters)weregiven.In thefinal part
of thischapter,methodsto calculateremainingmodelparameters,heat and mass
transfercoefficientsandinterfacepressures,werediscussedandall physicalproperties
usedin thecalculationsweretabulated.
5.1.Previousstudiesonphaseinversionandevaporativecastingtechniques
5.1.1.Binary solution-Evaporationmodels
Thestudiesontheimmersionprecipitationhavemainlyfocusedonthemodeling
of evaporationstep.The first evaporationmodelwas developedby Andersonand
Ullman(1973).Theypredictedthesolventconcentrationi thefilm by assumingsemi-
infinitefilm thickness,unidirectionalisothermalmasstransferperpendicularto the
surface,negligiblefilm shrinkageand specifiedconstantsurfaceconcentration.The
differentialequation,initialandboundaryconditionsaregivenby equations5.1through
5.4.
a92 =~(Da92)
(5.1)at ax ax
92(x,O)=90
(5.2)
92(O,t) =9s
3
oo,t) 9s
4
Theyperformedtheircalculationsfor twocases.In thefirstcase,it wasassumed
thatpolymeresponseto thechangeis instantaneousandconcentrationdependenceof
thediffusioncoefficient,D, is givenbythefollowingequation5.5(Fujita1968).
D =D(O)exp( 92 'J(A92 +B)
(5.5)
inwhichtheconstantsA andB wereregressedfromtheexperimentalself diffusivity
data.Inthesecondcase,theyassumedthattheprocessis controlledby solventdiffusion
andrateof polymerresponse.Therefore,thediffusioncoefficientwas definedas a
functionof bothcompositionandtime.However,in bothmodels,theyusedthe self
diffusioncoefficientratherthanthe mutualdiffusioncoefficient.According to the
predictedtimedependentsolventconcentrationprofilesin thefilm, theyhaveconcluded
that,oobtainaverythinskinlayer,thepolymerresponseshouldbefastandthesolvent
diffusioncoefficient should decrease dramatically with increasing polymer
concentration.
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CastellariandOttani(1981) improvedsomeof theassumptionsof Anderson
andUllman(1973).Theyassumeda finitefilm thicknessandtookintoaccounthefilm
shrinkage.Additionally,thesurfaceconcentrationwasallowedtovaryin timeby using
anempiricalexpressionwhich involvesan evaporationrateconstant.Similar to the
previousmodel,theyusedthesameexpressionfor theconcentrationdependenceof
diffusioncoefficients.Their results indicatedthat the evaporationtime and the
evaporationratearecriticalparametersin determiningthethicknessof theskin layerof
amembrane.In addition,theyconcludedthatconditionsin thedryingatmosphereplay
animportantroleon theformationof asymmetricstructures.
AtakaandSasaki(1982)performedgravimetricexperimentsoncelluloseacetate
and acetonebinary castingsolutions,to investigatethe effect of initial casting
compositions,thethicknessandambientemperatureontherateof solventevaporation.
To comparetheexperimentalresultswith theory,theyderivedan analyticalsolution
assumingconstantdiffusioncoefficient,isothermalprocessandno film shrinkage.
Onthecontraryto thepreviousmodels,in theevaporationmodeldevelopedby
Krantzetal.(1986),asurfaceboundaryconditionwasusedin whichmasstransferfrom
thesurfaceto theambientphaseis proportionalto the masstransfercoefficient.In
addition,theexcessvolumeof mixingeffectwas incorporatedin themodel. The self
diffusioncoefficientwas correlatedby Fujita's expression(equation5.5), however,
unlikeprior models,it was relatedto the mutualdiffusion coefficientby a semi-
empiricalfunction.Theyalsostudiedthecelluloseacetate-acetonesystemandobtained
thenecessaryselfdiffusiondatafromAndersonandUlmann's(1973)study.
TsayandMcHugh(1991)developeda fully predictivemodelfor theevaporation
ofbinarysolutionconsistingof celluloseacetateandacetone.They took into account
themovinginterface,concentrationdependentmutualdiffusioncoefficientsandtime
dependentmasstransfercoefficients.In predictingthe self diffusion coefficientof
acetone,Vrentesand Duda free volumetheorywas used in conjunctionwith the
experimentaldiffusiondataof Andersonand Ulmann(1973).They investigatedthe
effectsof initialcompositions,castingfilm thickness,surfacearea,andthecomposition
ofthesolventin thevaporphaseon theevaporationrates.In additiontheycompared
theirnumericalresultswith theexperimentalstudiesof AtakaandSasaki(1982)and
withtheanalyticalsolutionobtainedfor fixed finite thickness,constantdiffusion
coefficientsandconstantvolumefluxatthesolution-airinterface.
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5.1.2.Ternary solution-Dry castingandEvaporationmodels
The modelingstudiesfor theevaporationof ternarysolutionarelimiteddueto
increasingcomplexityof equationsand the lack of experimentalmulticomponent
diffusiondata.In all modelsthathavebeendiscussedin previoussection,it was
assumedthatmembraneformationprocessis a isothermalprocess.This is not a very
realisticassumptionsinceevaporativecoolingeffectscanbe significant.Greenberget
al.(1995)haveobserveda decreasein membranetemperaturefrom an initial casting
temperatureof 25°C to0°c duringtheevaporationof acetonefromcelluloseacetate.
Thefirstnon-isothermalmodelondry-castingmethodfor a ternarymixturewas
developedby Shojaieet al. (1994a).In theirmodel,equationswereformulatedusing
massaveragevelocityand excessvolumeof mixing effectswere incorporated.The
changein thicknessof thefilm wasconsideredandis a functionof bothpositionand
time.Theyhaveusedcelluloseacetate-acetone-wateras a modelsystemandFujita's
expressionto predictself diffusioncoefficients.The constantsof Fujita'sexpression
wereobtainedby regressingtheexperimentaldataof AndersonandUllman(1973)and
Roussis(1981).The self diffusion coefficientswere relatedto mutual diffusion
coefficientsusingfrictioncoefficients.Thewater/acetoneandacetone/celluloseacetate
frictioncoefficientswererelatedto theavailablebinary-diffusioncoefficients,whereas
thewater/celluloseacetatefrictioncoefficientswererelatedto acetone/celluloseacetate
frictioncoefficients.In constructingthephasediagramandaswell as in definingthe
boundaryconditionatthesolution-airinterface,Flory-Hugginstheorywasusedwith
variableinteractionparameters.Theheatandmasstransfercoefficientswerepredicted
usingempiricalcorrelationderived for free convection.The effects of initial
compositiona dcastingthicknesswereinvestigatedandthe numericalresultswere
comparedwiththeexperimentalresults(Shojaieetal. 1994b).The totalmasslossdue
tobothsolventandnonsolventevaporationandtemperatureof thefilm weremeasured
by microbalanceand infrared camerarespectively.In addition final membrane
morphologiesweredeterminedwith theSEM picturesandresultswerecomparedwith
themodelpredictions.
Matsuyamaetal.(1997)performedmodelingstudiesto investigatetheeffectsof
nonsolventtypeusedin the castingsolution.Althoughthe systemIS ternary,they
."
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assumedthat the nonsolventevaporationIS negligibleand thereforeused binary
diffusionequation.
Themodeldevelopedby Alsoy andDuda(1999)describesthemuIticomponent
dryingbehaviorof polymersolutions. Unlike previousstudies,in this model the
problemis castin termsof volumeaveragevelocityinsteadof massaveragevelocity.
This choicesignificantlyreducedthe complexityof the equations.In addition,the
temperaturewasassumedtobeafunctionof timeonly.Theexperimentalandmodeling
studiesof Shojaieetal (1994a,1994b)areconsistentwiththisassumption.Themodel
equationsconsistof coupledunsteadystateheatand masstransferequations,film
shrinkageandboundaryconditions.The mainandcrossmutualdiffusioncoefficients
wereexpressedin termsof thermodynamicfactorsandself diffusivitiesusingFlory-
HugginsandVrentas-Dudafreevolumetheoriesrespectively.The detailsof thisstudy
willbegivenlaterin thischapterunderthesectionof developmentof modelequations.
5.1.3.Immersionprecipitationandvaporinducedphaseseparationmodels.
In immersionprecipitationand vapor inducedphaseseparationtechniques,
initiallyhomogeneouspolymer,solventand/ornonsolventmixtureis phaseseparatedby
theinflowof thenonsolventeitherfromthe liquid phaseor vaporphase.Therefore,
bothsystemsof interestareternaryandin principle,themaindifferencebetweenthe
modelsarisesin determiningthe boundaryconditionat the solution-airor liquid
interface.
In mostof themodelingstudiesof quenchingstepof immersionprecipitation
techniques,the systemis treatedas an isothermalprocess.This assumptionis
reasonable,if thetemperatureof thequenchingmediumis keptconstant.In addition,it
hasbeenusuallyassumedthat no polymerdissolvesin the coagulationbath and
instantaneousequilibriumexistsbetweenthefilm sideandbathside.
The first modelon immersionprecipitationwas developedby Cohen et al.
(1979)andit wasbasedon steadystatediffusionmodel.Predictedcompositionpaths
wereplottedontheternaryphasediagramto makecommentson thefinal membrane
morphology.
YilmazandMcHugh(1986b)developedaunidirectionalpseudobinarydiffusion
equationformalismfor constantpartialmolarvolumesandnegligiblebathdynamics.
Forasemi-infinitefilm thickness,theyassumedconstantsurfaceflux atthefilm-bath
38
interface.Their experimentalstudieshaveindicatedthata fast convectiveflow of
solventoccursin thebathdueto densityfluctuations.Therefore,theyarguedthattheir
modelis applicableforshorttimespriortoskinformation.
In themodelof ReuversandSmolders(1987),thebathdynamicshasalsobeen
takeninto account.The mass transferin the bath was assumedto be diffusion
controlled.The ternarydiffusionequationswere derivedfrom binarydiffusion and
thermodynamicdata.Their analysesareapplicableonly for shortperiodof timeafter
immersionstep,becausein thederivationof theequationstheyassumedsemifinitefilm
thicknessandconstantinterfacialconcentrations.
A morecompletemodelwas developedby Tsay and McHugh (1990)which
incorporatesfilm shrinkageandvariableinterfacecompositions.They investigatedthe
initialpolymerconcentration,additionof nonsolventin thecastingsolutionprior to
quenching,additionof solventin the coagulationbath,polymermolecularweight,
initialfilm thicknessandthermodynamicinteractionparameterson thefinal structure
membranescastfromcelluloseacetate/acetonesystem.
Chenget ai. (1994)consideredtheconvectivemasstransferin thecoagulation
bathand investigatedthe effectsof theparameters,usedin definingthe diffusion
coefficientsontheprecipitationtimes.
Theonlymodelingstudyon thevaporinducedphaseseparationtechniquewas
performedbyMatsuyamaetal (1999).In factthemodelingof thistechniqueis similar
tothatof dry casting.In thatstudy,they investigatedthe concentrationprofiles of
polymerin thefilm duringthepenetrationof thenonsolventfromthevaporphaseto a
initiallyhomogeneouspolymer-solventsolution.Due to the low concentrationof
nonsolventi thefilm,theyderivedtheirdiffusionequationsforquasibinarysystem.
5.2.Developmentof modelequations
Theassumptionsandmodelequationsderivedherefor thedrycastingtechnique
arebasedonthemodelingstudyof Alsoy (1998)originallydevelopedfor thedrying
behaviorf muIticomponentpolymersolutions. The equationsaredevelopedfor the
systemgeometryshownin Figure5.1.
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Figure5.1.Schematicof drycastingprocess.
The polymersolutionis caston a substratewith a thicknessof H. The cast
solutionthickness,X, is time dependent.The polymersolutionand substratehave
interfaceswithair. The air facingthepolymersolutionhasa temperatureof TG anda
heatransfercoefficientof hG. ThesevaluesfortheairnexttothesubstrateareTg andhg
respectively.
5.2.1.Assumptions
The model equationsderived III this thesis are based on the following
assumptions.
1. Bothheatandmasstransfersareunidirectionalsincethewidthof thefilm is much
greaterthanthethickness.
2. Thedensityof the solutionis a functionof the composition,while, the partial
specificvolumesareindependentof compositionandtemperature.Hence,thereis
novolumechangeonmixing.
3. Noreactionoccursin thesystem.
4. Theaveragevaluesfor thedensity,heatcapacity,andthermalconductivityof the
solutionareused.
5. Thesubstrateis impermeable.Therefore,thereis no masstransferat thesolution-
substrateinterface.
6. Gravitationaleffectsareneglected.
7. ThepolymersolutionbehavesasaNewtonianfluid.
8. Heattransferbytheradiativemodeis neglected.
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9. Thetemperatureis afunctionoftimeonly,sincetheresistancetoheattransferin the
gasphaseis muchgreaterthantheresistancein thesolutionandsubstrate.
10.Thereis noviscousdissipationin thepolymersolution.
11.Thetemperatureof thefilm is abovetheglasstransitionof thepolymersolution.
12.Thekineticenergyeffectsattheinterfacesareneglected.
13.Theconvectiveexchangeof momentumatphaseinterfacesis negligiblecompared
totheforcesatphaseboundaries.
14.Thegasphasedoesnotexertdragonthesolution.
15.Gasphaseis ideal.
Theheatandmasstransferequationsareuncoupledby theaidof assumption4 and
asa result,the complexfluid mechanicsproblemis avoided(Vrentasand Vrentas
1994).
5.2.2.Derivationof equations
5.2.2.1.Speciescontinuityequation
Thespeciescontinuityequationforcomponenti:
an. (an;x an;y an;z J
_~_'+--' +-'-+--' =R.
at ax 8y az I
Usingassumptions1and3thecontinuityequationcanbesimplifiedinto:
ap an;.x--' =---
at ax
Here,massflux n. canbeexpressedin termsof volumeaveragevelocityu"'.I,X
where,
(5.6)
(5.7)
(5.8)
(5.9)
In equation5.8 the first termon the right handside representsthe flux of
componenti movingwiththebulkstream.Thesecondtermis thediffusiveflux relative
tothebulkstreamand canbeexpressedbyFick'slaw.
ForanN componentsystemthediffusiveflux is givenby equation5.10:
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and total continuity equation is given by equation 5.11.
ap a;-=--~pua a 'L ' ,t .Y ,=1
(5 I (j)
(~II )
If species continuity equation 'vvritten for each component in equation 5,7 i:-
multiplied by partial specitic volume of each component, r·,. and if these equation) <Ire
summed ti'olll i=I to '. then
(:' I ')
(51 I)
,\
Using equation 5.9 and detinition of yolume fraction. LP,(I = I. then. equatioll "'\I ~
,=1
reducesto the /()llo\\'ing form:
::) =
~=()
c.y
Since the substrate is impermeable (assumption 5). the velocity of specic~s; t 'ill'
solutionsubstrate interface are zero. Therell)re. using equation 5,13 it can be state( tll~ll
the\'olume 8\erage velocity is zero at that interface. Since the \'olullle a\'erage \el 1l'11~
gradient\·vasfound to be zero. then the volullle average velocity is zero througilol t ,hl'
cast solution, Thus. the convecti\'e term can be neglected and the total fll''; 1)1
componenti can be expressed as 1'ollo\'/s:
,\-1 ap
l7i, =PYi =P,(u, -u=)= L(-Dij-/)
,=1 ax
Consequently. the species continuity equation can be simplified int(, 'ill'
l"oillmingforlll,
a II ::j [ , a I']
PI _ C ~D P,-- --L --
at ar ,=1 " ax
(:" I -))
To soh'cequation 5.15 t\\'O boundary conditions and one initial condition are nel,tk I. \1
theinstantof casting. the solution is homogeneous and the concentrations of the sp ,'ci,'~
inthecastfilm do not vary \\'ith position.
At t=O p/'(O.x) =P/~;
,\t thesolutioll-substrate interf~lcethe mass transfer rate is zero (assulllptioll 5).
L'
(5.17)
Thus,oneoftheboundaryconditionscanbeexpressedas:
(5.18)x=Oat app_'_=0
ax
The otherboundary,the solution-airinterface,movesdue to shrinkageof the film.
Appropriateboundaryconditionatthis interfaceis obtainedfromjump massbalance,
expressedby equation5.19.
pp*.* GG···
Pi (Vi' 0 - U .0 ) =Pi (Vi' 0 - U .u ) (5.19)
inwhich0*is theunitnormalvectorpointingfrompolymersolutionphasetogasphase
(denotedby superscriptsp andG respectively),vt is thevelocityvectorof componenti
inphaseJ andU* is thevelocityvectorofthephaseinterface.
Thechangeof thefilm thicknesswithrespectotimecanbeexpressedas:
(5.20)U* .0* =dX
dt
Themasstransferto thegasphase,therighthandsideof equation5.19,canbe
approximatedusingtheanalogygivenin equation5.21.
G( G * U* *)-kG( G G)_ p P * P * *Pi Vi .0 - .0 - i P;i - P;b - Pi vi,O - Pi U .0 (5.21)
Accordingtoequation5.21,therateof masstransferis proportionaltothemasstransfer
coefficientandthedifferencebetweenthepartialpressureof volatilecomponentatthe
interfaceand in the bulk. Combining equations5.20 and 5.21, and noting that
ni =pf'vf '0* then,equation5.21canbeexpressedasfollows:
G G G _ I pi dXk. p -p -n -. -, (II ,b ) 'x=x(t) P, x=X(t) dt (5.22)
Insertingthedefinitionof ni, one can definethe secondboundaryconditionat the
solution-airinterfaceasfollows:
at x=X(t)
_[~ DfJ ap;]_pp dX =kG(pG _pG)L.. IJ a 'dt' II ,b)=1 'X
(5.23)
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(5.24)
(5.25)
5.2.2.2.Heat transferequation
The onedimensionalunsteadystateheattransferequationin termsof transport
propertiesof thesolutionandsubstratephasescanbewrittenasfollows:
PCP aTP =kP a2TP
P P at ax2
S cs aTs = kS a2Ts
P P at ax2
If equation5.24is integratedfromx=Oto x=X(t)andequation5.25fromx=Oto x=-H,
thefollowingexpressionsareobtained
x=o
scs aTS H =k' dTS
P P at dx
x=-H
Theadditionof thesetwoexpressionsyieldequation5.28
x=x(t) x=O
PCP aTP X( ) scs aTs H _ kP dTP kS dTsP -- t +p -- - -- +--
P at P at dx dx
x=O x=-H
(5.26)
(5.27)
(5.28)
(5.29)
Toderivefinalformof heattransferequation,theheatfluxesatthesubstrate-air(x=-H),
substrate-solution(x=O)andsolution-air(x=X(t))interfacesmustbedefined.They are
basicallyobtainedfromthejump energybalanceswhich is appliedat eachinterface.
Equation5.29showsthisexpressionwrittenattheinterfacesof phasesA andB.
p A (; A (vA •nA _ U· .n·) +qA •n· _ V A •(TA •n· )
=p B (; B ( VB. nB _ U· .n· ) +qB . n· _ VB. (T B . n· )
inwhich,vJ andTJ arethemassaveragevelocityvectorandstresstensorin phaseJ
respectively.For thesubstrate-solutioni terfacethisexpressioncanbe simplifiedinto
equation5.30consideringthatthe interfaceis not movingand the velocitiesof the
speciesarezero.At x=O
(5.30)
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where,qJ is the conductiveheatflux vectorin phase1. Using Fourier'slaw of heat
conduction,thejumpenergybalanceatx=Obecomes:
(5.31)
Similarly,forthegas-substrateinterface(x =-H), thejumpenergybalancereducesto:
(5.32)
Heattransferfrom the gasphaseto the substrateIS describedby Newton'slaw of
cooling.Thenequation5.32becomesasfollows.
(5.33)
At thesolution-gasinterface(x=X(t)),the jump energybalancemustbecoupledwith
jumpmassbalanceequation.If totaljumpmassbalanceequationis equatedto Q,
pp * • * GG * * *
Q=p (v ·n -U ·n )=p (v ·n -U ·u)
then,jumpenergybalancecanbewrittenasfollows:
~G ~P P * G * G G * p p *
Q(U - U ) =q .0 - q .0 +v .(T .0 )- v .(T .0 )
(5.34)
(5.35)
Theinternalenergy(U )canbe definedas a functionof enthalpy(H), pressureand
density.
~ A PU=H--
P
Multiplyingbothsidesof theequationwith Q yields
QH =QU +Pu
Stresstensorsinbothphasescanbewrittenasfollowsusingassumption15:
(5.36)
(5.37)
(5.38)
Combiningequations5.35,5.37and5.38gives,
Q(HG -HP) =qP '0* _qG .0* (5.39)
Theterm,Q(HG - H P), representstotalamountof energylostdueto evaporation;so it
canbedefinedasfollows:
(5.40)
Theheatfluxin thepolymerphasecf· n*, is describedby Fourier'slaw of conduction
andheatfluxinthegasphaseis definedbyNewton'slawof cooling,asfollows:
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(5.41)cf.n' = -k oT
ox
If equations5.40 and 5.41 are insertedinto equation5.39, then the heat transfer
boundaryconditionatx=X(t)is obtainedasfollows:
At x=X(t) (5.42)
It isgenerallyassumedthatthetemperatureis continuosatthephaseboundary.
(5.43)
If equations5.31,5.33,5.42and5.43aresubstitutedintoequation5.28,thenthefinal
fonnoftheheattransferequationis obtainedasfollows:
dT---
dt
N-I
hG(T-TG)+ I k,GtJIv; (P;;G-P;~)+hg(T-Tg)
;=1
(5.44)
Tosolveequation5.44aninitialconditionis neededandit is assumedthatinitially the
castsolutionhasatemperatureof To .
at t =0 T(O) =To (5.45)
5.2.2.3.Timedependenceof boundaryposition
Timedependenceof boundarypositionis obtainedfromthejump massbalance
forthepolymer.
pp. 11. GG •••
P3 (v3 •n - U .n ) = P3 (v3 •n - U .n )
Sincethepolymeris nonvolatile:
p~(v~·n"- U" ·n·) =0
Usingequations5.8,5.10and5.20atx=X(t)onecanwrite:
npl =pPvp.n·=ppdX =j''''
3 x=X(t) 3 3 3 dt 3
(5.46)
(5.47)
(5.48)
By definition,foranN componentsystem,thesumof theproductsof thediffusiveflux
withrespecttovolumeaveragevelocityandspecificvolumeis equaltozero.
N
IJ;f; =0
;=1
Combiningequations5.48and5.49yields:
(5.49)
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2dX
Li(V/
(5.50)
-
=i;\
dt
pPVP3 3
Thedenominatorof therighthandsideof equation5.50expressthevolumefractionof
thepolymer.Thereforethetimedependenceof theboundarypositioncanbewrittenin
termsof diffusivefluxesandmassdensitiesof thevolatilecomponents.
dX =
dt
2
Li(V/
i;\
2
1-LP(V/
i;1
(5.51)
Theinitialconditionfor thethicknessof thecastfilm canbeexpressedasfollows:
at t =0 X(O) =L (5.52)
5.2.2.4Coordinatetransformationanddimensionlessvariables
To facilitatethe numericalsolutionof the equationsthe interfaceshouldbe
mobilizedandthiswasdonebyusingacoordinatetransformationasfollows:
x
17 = X(t)
(5.53)
In addition,temperature,compositions,timeandthethicknessof thefilm canbe
expressedin termsof dimensionlessvariablesbyusingequations5.54through5.57.
p(
C,. = P
PiO
X. = X(t)
L
(5.54)
(5.55)
(5.56)
(5.57)
To expressthespeciescontinuityequationin termsof dimensionlessvariables,
somemathematicalmanipulationsand rearrangementsmust be done. The total
derivativesofdimensionlesscompositionsandimmobilizedpositioncanbewrittenas:
(5.58)
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(5.59)
(5.60)
If onesubstitutesequation5.60intoequation5.59andcompareit withequation5.58,
dXx-
alJ =_-.!lL
ax X(t)2
L2 •
dt=--dt
DI~,o
(5.61)
(5.62)
(5.63)
whenequations5.54,5.55,5.57,5.61and5.62areinsertedintoequation5.15,thenew
formof thespeciescontinuityequationbecomes:
ac; _ lJ dX· ac; _ 1 a [I D: P;o ac)]at· X· dt· alJ - x·2 alJ )=1 DI~.oPia alJ
Thedimensionlessform of the timedependenceof the boundarypositionand the
dimensionlessinitial and boundaryconditionscan be expressedby equations5.64
through5.68.
lJ =1
lJ =1
lJ=O
I2~ DfJ ac.VP~_IJ_ P __ J• ; LJ DP p),O a
X. dX = ;=1 11,0 lJ
dt· N-I
1-Ip,~C//
;=1
(5.64)
(5.65)
(5.66)
( =0
C;(O,lJ)=1
X· (0) =1
(5.67)
(5.68)
Theboundaryconditionsgivenin equations5.65and5.66,canbefurtherrearrangedto
avoidthenumericalestimationof concentrationderivatives.Sinceit is expectedthat,
duetothenatureof the system,thechangeof concentrationis very steepnearthe
solution-airnterface,to avoid the calculationof the concentrationderivatives
numericallyatthesurfacetheequation5.63canbeintegratedfrom lJ =0 to lJ =1.
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(5.69)
(5.70)
fa~i dry_ ~ dX: fryaCidry=~[ID! p~ ac)] 7]=1o at x dt 0 ar; x )=1DI1,o Pia ar; 7]=0
Using equations5.64 and 5.65 the new form of the boundary condition becomes as
follows:
At r; =1
~[X· fl Cd]= kiG(P;~-P/;)Ld I r; PDPt 0 io 11,0
(5.71)
Similarly,the integratedform of equation5.63canbe substitutedinto equation5.66 and
using equations5.67 and 5.68, following explicit form of dimensionlessthickness of
thefilm is obtained.
2
1-Ipio~P
X· = i=1
2 I
1- Ipio~PfCidr;
i=1 0
(5.72)
Time dependenceof the temperatureof the film, can be expressed III terms of
dimensionlessvariablesdefinedin equations5.73through5.76.
L(hG +hg)A=---
Dp PC~P
11,OP P
dr· A(l-r·) +E+B=
dt· F +X·
Theinitialconditionbecomes:
(5.73)
(5.74)
(5.75)
(5.76)
(5.77)
at t·=0 r·(0) =0 (5.78)
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5.3.Numericalsolutionof themodelequations
Theequations5.63,5.64,5.71,5.72,5.77and5.78arehighlynonlinearordinary
andpartialdifferentialequationsandit is notpossibleto deriveananalyticalsolution.
Therefore,theseequationsweresolvednumericallybyusingfinitedifferencetechnique.
The nonlinearpartialdifferentialequationswerefirst transformedinto a finite
systemof nonlinearalgebraicequationsby discretizingthemwith finite difference
technique.Rewriting the speciescontinuityin the finite differenceform yields
expressions5.79through5.80inwhich,i andj representspaceandtimerespectively.
(e,t' -(c;){
~i
, (C;){~I-(C;WI[l-(lh; J2]_(C;){~I(hh; J2TJ; (Xl+ - x) 1;_1 ;-1
x+' tJr- ( h. J
h. 1+_'
, h;_1
( (C;)j+1 (C )j+1 (C )j+1 (C;)j+1J
(D )j+1 ;+1- I; (D )j+1 I; - H
II ;+1/2 h II ;-1/2 h2 ; H+-- I
(;{+')2D1I,o(hH +hJ +P20((D )j+l (C2){~I_(C2)t (D )j+1 (C2)tl_(CJ{~IJ12;+I/Z h 12 ;-1/2 hPIO ; ;-1
(C )j+1-(C )j+l[l-(~JZ]-(C )j:I(~Jz
_j+' ~ 2 ,+1 2 , h 2 ,I h
(eztl -(C2){ TJ; (X -X) ;-1 ;-1=
~i xi+' tJr- ( h. J
h. 1+_'
, h;_1
( (c)j+1-(C )j+1 (C )j+1-(C )j+1J
PIO (D )j+1 I ;+1 I; (D )j+1 I; I ;-1
21;+I/Z h ZI ;-1/2 hPzo ; ;-1
( (c)j+1-(C )j+1 (C )j+1-(C )j+1J
(D )j+1 2 ;+1 2; -(D )j+1 21; 2 ;-1+ Z2 ;+1/2 h. 22 ;-1/2 h., ,-I
(5.79)
(5.80)
Theseequationsalongwith discretizedform of heattransferequationwere
solvedsimultaneouslyby theaid of a subroutinecalledDNEQNF from IMSL. This
subroutinesolvesthesystemof nonlinearequationsusinga modifiedPowell hybrid
algorithm.To checktheaccuracyof numericalsolution,thetotalnumberof gridpoints
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wereincreasedandthetimestepsweredecreaseduntil the changein thenumerical
resultswas negligible.The numericalsimulationwas performedusing a PC based
computer.Thecodeswerewrittenin Fortranandgivenin theAppendix.
To facilitatethenumericalsolutionof theequations,variablegrid sizeswere
usedinsteadof uniform ones,since the concentrationsof the componentschange
drasticallyat the solution-airinterface.By using an appropriatefunction, smaller
incrementsnearthe solution-airinterfaceand coarserincrementsnearthe solution-
substrateinterfacecanbeobtained as shownin Figure5.2.Equations5.81and5.82
wereusedtogeneratevariablegridsizes.
solution-substrate
interface
ho
XI•
hi
X2• 1 (I /
Xi-I
•
hi-I
Xi•
hi
solution-air
interface
Xi+1 , XN-I XN• 1'/,--+----*-I
Figure5.2.Illustrationof variablegridspacingforN gridpoints.
(5.81)
whereL isthetotallengthandhi is thegridsize.
(5.82)
Theconstants,£ anda in theseequationswerechosento obtainoptimumgrid
sizedistributionthroughthesolutionandtheir valuesweredeterminedas -4 and 1
respectively.The numberof grid pointswas chosenas 100abovewhich numerical
valuesofcalculatedmodelresultsdidnotchange.
Theeffectsof £andaonthegridsizedistributionwereillustratedin Figure5.3
and5.4.Thelengthof thefirstandlastgridswascalculatedas0.04593and0.005987by
aniterativesolutionusing 100 grid points and the valuesof -4 and 1 for £and
(J respectively.
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(5.83)
5.4.Determinationof othermodelparameters
5.4.1.Estimationof heatandmasstransfercoefficients
The heatand masstransfercoefficientsfor free convectionconditionswere
determinedusingan empiricalcorrelationdevelopedfor thehorizontalcooledplates
facingupwardin thelaminarrange(McAdams1954).
Fortheheattransfercoefficient(h );
h~c=O.27(Gr. Pr)O.25k
ThedimensionlessGrashofandPrandtlnumbersareequalto:
Gr = gp;f3(f1T)L~
J.l;
wheretheexpansioncoefficient,
fJ =__ 1_(apc J andforperfectgas,it reducestothefollowingform:Pc aT p
f3=~
T
(5.84)
(5.85)
(5.86)
(5.87)
Themasstransfercoefficient(ki [=]sec/em) of eachcomponentwasdeterminedusing
theanalogybetweentheheatandmasstransfer(TsayandMcHugh 1991).
k.L Y . I f·cp
1 c Qlr.m I. =0.27(Gr.Sc)O.25
D·cI,
whereYalr,lm' Di,g' V;.g' P are the log meanmole fraction difference,diffusion
coefficientofcomponenti in thegasphase,thepartialspecificvolumeof componenti
in thegasphaseandtotalpressure,respectively.TheGrashofandSchmidtnumberscan
beexpressedas:
and
Gr =gp;L~ls(Yi,i - Yi,c)i
J.l;
(5.88)
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(5.89)
(5.90)
wherethecoefficient(which representstheeffectof molefractionof componenti on
thegasdensityis equalto:
(=__1 (apc]Pc Byj P,T
Forthecaseof forcedconvectionconditionstheheatandmasstransfercoefficientwere
calculatedby thecorrelationsgivenin equations5,91and5.92(IncroperaandDeWitt
1990).
h:c =0.664Re'/2PrJ/3k
k.L V.cP
1 c I, =0.664Re'l2.Sel/3
D·cI,
TheReynodsnumberhasitsstandardefinitionas:
whereUc representsthevelocityofthebulkairstream
5.4.2.Calculationof interfacepressureof volatilecomponents
(5.91)
(5.92)
(5.93)
Thepartialpressureof thevolatilecomponentsatthesolution-gasinterface,was
calculatedfromthefollowingrelationship.
(5.94)
wheretheactivityof componenti canbedefinedas:
(5.95)
Thesaturatedvaporpressureof acetoneandwater(psat) atanytemperature(T)
wascalculatedby expressiongivenin equation5.96(Reidetal. 1977),TheconstantsA,
B,C andD arereportedinTable5.1.
where,
1 psat =(l-T)-'[AT +BTI.5+CT3+DT6]TIp r r r r rc
(5.96)
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TT=1--
r Tc
(5.97)
Table5.1.Theconstantsusedin thecalculationof vaporpressuresof acetoneandwater.
WaterAc tone
A
-7.76451-7.45514
B
1.458381.20200
C
2 75802 3926
D
233033 3 90
Tc (K)
647 8.1
Pc (bar
22 .47
5.5.Physicalparametersof themodel
Thephysicalpropertiesof water,acetone,CA, polymersolution,supportandair
wereobtainedfromdifferentsourcesandgivenin Tables5.2through5.4(Shojaieetal.
1994a,Incropera ndDewitt1990,PerryandChilton1973).
Table5.2.Physicalpropertiesof water,acetoneandCA.
WaterAcetoneCA
Density(g/cmJ)
1.000.791.31
MolecularWeight (g/mol)
18.058.0840000
3
18.07 923 532MolarVolume (cm Imo!)
Heatof vaporization@ 20°C (JIg)
24445
Table5.3.Physicalpropertiesof polymersolution,substrateandair.
GlassSupport
D . I I 3enSlty g cm
HeatCapacityI J/gK
PolymerSolution
HeatCapacity2J/gK
Air
Thenna!Conductivityl W/cmK
llncropera ndDeWitt (1990)
lShojaieel al. (1994a)
2.5
0.75
2.5
2.55 10-4
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Table5.4.Theparametersusedin thecalculationof heatandmasstransfercoefficients
Densityof air PG (g/cm3) 1.19x 10,3
Viscosityof air JiG (g/cm.s)
Diffusivityof waterin airl DIG (cm2/s)
Diffusivityof acetonein airl D2G (cm2/s)
Characteristiclengthof castingarea Le (cm)
rII Coefficientfor wate/ in Equation5.*
rh Coefficientfor acetone2 in Equation5.*
IJncroperandDewitt(1990)
lCalculatedfromidealgaslaw.
5.6.Testof thepredictabilityof themodel
1.85 X 10-4
0.280
0.125
10
-1.0
0.38
Themeasurementof variablesin realtimefor themembraneformationis very
difficultand such analysisrequireshighly sophisticatedtechniques.Shoajaieet al.
(1994b)andGreenberget al. (1995)usedtheinfraredthermographytechniquewhich
providesbothgravimetricandthermalinformation.In addition,by the light-intensity
measurementstheonsetanddurationof thephaseseparationweredetermined.In this
work,theexperimentalaspectof thethesisconsistsof threeparts.First, thevalidityof
themodelis confirmedusingthemeasurementof totalevaporationrateby monitoring
theoverallmasschangeasa functionof time.Second,themorphologyof theprepared
membranesis investigatedusing scanningelectronmicroscopepictures.Finally, the
watervaporpermeabilityanddensityof membranesaremeasured.
For all experimentalstudiesCA was suppliedfrom Aldrich with a molecular
weightof 50,000andanacetylcontentof 38.9%.A highpurityacetoneanddeionized-
distilledwaterwasused.The CA wasdriedin anovenabove100°Cfor severalhours
beforeused.No furtherpurificationwasappliedtothematerials.
Sinceacetoneis veryvolatile,thefractionof it in thesolutionwascontrolled.
First,the binary solution of acetoneand CA was preparedby stirring until a
homogeneoussolutionwasobtained.Acetone,evaporateduringpreparationwasadded
tothesolution.Aftertheadditionof water,thebeakerwaskeptclosedsomasslossdue
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to evaporationwas prevented.The ternarysolutionwas stirredfor one day before
casting.
Gravimetricmeasurementswerecarriedoutby castingthepolymersolutionson
a 10cmwidesquareglasssupportswith theaidof a film applicator.After casting,the
glasssupportwascarriedto themicrobalancewithin15seconds.At theinitialstagesof
evaporation,thedatawas collectedwith 5 secondsintervals.In all experiments,the
lowersideof theglassplatewas insulatedso, theheattransferfromthatsurfacewas
prevented.The accumulationof the volatilecomponentsin the gas phasewas not
allowedby usinganopenchamber,asa result,theconcentrationin thegasphasewas
keptconstant.
MorphologicalstudieswereconductedusinglEOL 5200typescanningelectron
microscopeat theSchoolof Dentistry,Ege University.The membraneswerecutwith
theaidof averysharpknifeandthencoatedwithgold.
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CHAPTER 6
RESULTS AND DISCUSSION
The model equationswere solvednumericallyto investigatethe effectsof
differentparameterson the membraneformation.The predictionsfrom the model
providecompositionpathsin termsof volumefraction,temperatureandthethicknessof
themembrane.Thecompositionsatthesolution-substrate,thesolution-airinterfaceand
atapointjust belowthefreesurfacewereplottedon theternaryphasediagrams.The
timesat which compositionpathscrossthebinodalline as well as thedifferencein
timesatwhichthesolutionon thesubstrateandair sidesenterinto thebinodalwere
noted.The interpretationof compositionpathsplottedon thephasediagramsandthe
concentrationprofileof thepolymerthroughthemembraneprovidedinformationonthe
finalstructureof themembrane.In thefollowingsections,firstof all predictiveability
of themodelis testedby comparingthe experimentaldatawith simulationresults.
Secondly,theeffectof differentparameterson themembraneformationis investigated.
Finally,thescanningelectronmicroscopepicturesof themembranespreparedunder
differentconditionsareevaluated.
6.1.Testof predictiveability of themodel
The major testof any model is to determinehow accuratelyit can predict
processvariablesthat are measuredexperimentally.In this section,ternarymodel
predictionsarecomparedto theexperimentalresultsthatincludetotalmassloss.Three
setsof quantitativecomparisonscorrespondingto casesRl, Rl, R3 in Table 6.1 are
shownin Figures6.1through6.3.Thesefiguresshowthepredictedandmeasuredtotal
polymersolutionmassasa functionof time.The initial thicknessof thesolutioncould
notbeproperlyadjusted,therefore,it wascalculatedby extrapolatingthemasslossdata
tozerotime.As canbeseen,theagreementbetweenthemodelandexperimentaldatais
excellentforcasesRl andRl shownin Figures6.1and6.2.However,aslightdeviation
isobservedforcaseR3 in Figure6.3.
Table 6.1. The initial conditions, the processing parameters and code numbers of the numerical results.
Heat Transfer
Initial
Mode ofMass Transfer
Code #of
Volume FractionsInitial Casting Coefficients
Temperature
Castingc vection /Coefficients (see/em)
(W/em2.K)
Model Temperature
of air (0C)
%RH
Thickness
v locity of
Results
of film (lC) FilmSubstrate
Water
AcetoneCA ().lm)air ( /see)W terAcet ne
Side
Sid
RI
0.050.850.123 241405Fre9.7xlO-115.9x 10-102.5xlO-4In ul t d
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The dry cast model used in this study does not include any adjustable
parameters,that is, the predictionsare only basedon conservationlaws, solution
thermodynamicsand measuredand correlatedvaluesof the relevantphysical and
transportproperties.Therefore,it is a veryusefultoolto optimizemembraneformation
process.
6.2.Comparisonof differentcases
Simulationshavebeendonefor differentcasesto illustratethepowerof the
modelandto investigatetheeffectinitialcompositionsandthethicknessof thesolution,
relativehumidityandmodeof convectionon thefinal membranestructure.The input
dataforthesecasesaregivenin Table6.1.
6.2.1Effectof volumefractionof waterin thecastingsolution
In casesR4 throughR6, thevolumefractionof CA waskeptconstantwhile the
volumefractionof waterwasadjustedas0.1,0.15and0.02.
The predictionsfor the instantaneousconcentrations,expressedin termsof
volumefractions,areplottedontheternaryphasediagramasshownin Figure6.4.The
pointshown as a dot representsthe initial compositionof the castingsolution.
Concentrationpathsin timeareshownfor thesubstrate/solution,solution/airinterface
andforthepointjustbelowthesolution/airinterface.A typicalphasediagramincluding
compositionpathsprovidesvaluableinformationaboutthemembraneformation;First,
it permitsassessingwhethera phase separationoccurs which requiresthat the
concentrationpathscrossthebinodalcurveof thephasediagram.This typeof plotalso
allowspredictingthe inceptiontime anddurationof thephaseseparation.Finally it
pennitsassessingthe type of morphologywhich resultsfrom a particularcasting
process.OneobservesfromFigure6.4 thattheconcentrationpathsof thesolution/air
andsolution/substrateinterfacescrossthebinodalcurveat markedlydifferenttimes
(424and383s respectively).Also, asillustratedin Figure6.5,theconcentrationsof CA
atthreeinterfacesignificantlydifferfromeachother.In fact,thedifferencein volume
fractionsof celluloseacetateatthesurfaceandatapointjustbelowthesurfaceis about
0.2 althoughthe distancebetweenthesepoints is only 0.006 in dimensionless
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coordinates.Hence,onemightexpecthatthiscastingconditionsrepresentedby R4 will
produceaporousasymmetricmembranein whichtheuppersurfaceis muchdenserthan
itslowersurface.
The volumefractionprofilesof CA, waterandacetonein Figures6.5,6.6 and
6.7,showthatat theinitial stagesof membraneformation,therateof evaporationis
veryfastcomparedto thatof water.Thus,theconcentrationof CA increasesrapidlyat
thesurfaceandsharpconcentrationgradientsareobserved.This phenomenaleadsto
decreasein thediffusionof thevolatilecomponentsin CA. Figure6.5indicatesthat,the
concentrationof CA at the substrateside startsto changeonly after200 seconds.
Similartrendscan also be seenfrom the overall compositionpathsin Figure 6.8.
Althoughthereis loss of water,due to the fast evaporationof acetone,the volume
fractionof waterincreases.
The thicknessof themembranefor caseR4 decreasesasymptoticallyfrom200
/lm to about50 f.lmin 420 secondsas illustratedin Figure 6.9. Due to the fast
evaporationof acetoneandassociatedevaporativecoolingeffect,thetemperatureof the
castsolutiondecreasedabout9 DC in 400secondsasshownin Figure6.10.
In caseR5 theinitial concentrationof waterwas increasedto 0.15.For these
castingconditionsthesubstrate/solutiona dthesolution/airinterfacesreachthephase
boundaryat 340and365seconds,respectively,earlierthanthepreviouscaseR4 as
shownin Figure6.11.The concentrationprofileof CA at 350 secondin Figure 6.12
indicatesthatthesecastingconditionsshouldleadto a highly asymmetricmembrane
structure.UnlikecaseR4, in caseR5 theconcentrationof waterin thesolutionchanged
remarkably,showinga highervolumefractionat thesubstratesideas seenin Figure
6.13. Theaveragevolumefractionof watershownin Figure6.15,exhibitsanincrease
from0.15to about0.25in 350seconds.ComparingFigures6.8and6.15,onecansee
thatherateof evaporationof acetonein caseR5 is slowerthanthatin caseR4. This is
mainlydue to higher diffusional resistancein the membraneindicatedby sharp
concentrationprofilesin Figures6.12,6.13and6.14,respectively.Although,theinitial
volumefractionof acetoneis lowerin caseR5, it is higher(0.5comparedto0.4in case
R4) atthetimeof precipitation.Consequently,a thickermembranewill beobtainedin
thiscasewithathicknessof 80f.lm.
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To investigatetheeffectof differentconditionson themembranestructure,the
surfaceskin thicknesswasdefinedas thedistancebetweenthe air/solutioninterface,
andthepointwheretheconcentrationof polymerdecreasedby 10%.Accordingto this
criteria,astheconcentrationof waterin thecastingsolutionincreasesthepercentageof
densetopskinlayerdecreases.Thepercentskinlayerwascalculatedas4.2%and3.0%
forcasesR4 andR5, respectively.
Thetemperatureof thesolutiondecreasedaboutSOCuntilmetastableregionwas
reachedasshownin Figure6.17.
In caseR6 thewatervolumefractiondecreasedto a verysmallamountas0.02.
As illustratedin Figure 6.18,neitherthegassidenor the supportside enteredthe
metastableregion.This modelpredictionimpliesthatat such conditionsthe phase
separationdoesnot takeplaceanda densenonporousfilm is obtainedratherthana
porousmembrane.The concentrationprofiles in Figures6.19,6.20,6.21 show that
concentrationgradientsof CA andacetonedecreasedafter200secondsof evaporation.
Dueto fastevaporationof acetone,concentrationof waterreacheda maximumaround
200 secondsand then startedto decrease.Comparedto previouscases,no sharp
concentrationgradientsof waterwereobservedthroughtheentiresolution.Figure6.23
showsthatduring300secondsof evaporation,thethicknessof thesolutiondecreased
from200/lm to 25 /lm.Thetemperatureof thesolutiondecreasedfromabout9 °c as
shownin Figure 6.24.Dueto adecreasein acetonelossafter300seconds,temperature
ofthesolutionstartsto increase.
6.2.2Effectof initial film thickness
The effectof initial film thicknesson membraneformationprocessis shownin
Figures6.25and6.26wheretheconditionsareidenticaltothosein caseR4 exceptthat
theinitialfilm thicknessare120/lm and250/lm, respectively.Comparingthephase
diagramsin Figure6.4(caseR4) andFigure6.25(caseR7) indicatesthatdecreasingthe
initialfilm thicknessin caseR7 affectstheformationprocessin 2 majorways.First of
all,theonsetof phasetransitionis fastersincedecreasingthe initial film thickness
resultsin a decreasein thetotalmassof acetone.So,shortertimeis requiredtoremove
sufficientamountof acetonetoallowentirecastingsolutiontocrossthebinodal.
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Also, with decreasinginitial film thickness,the difference in polymer
concentrationsatthetopandbottominterfacesis smaller,implyinglessasymmetryin
the finalmembranestructurewith a thinnerskin. The percentageof denseskin layer
wascalculatedas4.2%and3 %forcasesR4 andR7, respectively.
6.2.3Effect of relativehumidity
To investigatetheeffectof relativehumidityonthefinalmembranestructure,%
relativehumiditywas increasedto 25% in caseR9, whereall otherconditionsarethe
sameasthosein caseR7. Similarly,oneof theexperimentalconditionsrepresentedin
caseR2 arethesameasthosein caseR7, exceptthat% relativehumidityis 50%. So;
thephasediagramsof thesethreecases,R2,R7 andR9, respectivelywerecompared.
As therelativehumidityin airincreases,thedrivingforcefor theevaporationof
waterdecreasesconsequently;theresidualamountof waterin thesolutionincreases.
Comparingthephasediagramsin Figure 6.27and 6.28 indicatethatincreasingthe
relativehumidityaffectsthe formationprocessin two ways.First, solution/airand
solution/substrateinterfacesenterinto thephasediagrammorerapidly,andnot at the
sametime.Second,increasingtherelativehumiditywill leadto a membranestructure
withthinnerskin layer.The percentageof denseskin layerwascalculatedas 3% and
2.4%forcasesR9 andR2, respectively.
6.2.4.Effect of convectionmode
In all thecasesreportedso far,theheatandmasstransferfromthecastpolymer
solutionto thegasphasewerecontrolledby freeconvectionprocess.In thissection,the
effectof velocity of air, in other words, the effect of forcedconvectionon the
membraneformationwas investigated.For thispurpose,conditionsin casesRIO and
Rll werekeptidenticalto thosein caseR7 exceptthatvelocityof air waschangedas
20and50 em/see,respectively.The resultsin Figures6.29and6.30show thatwith
increasingair v~locity,phaseseparationis completelysuppressedand a uniformly
densecoatingdevoidof substantialmicrostructurewill result.
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6.2.5.Effect of free volume parametersand diffusion formalism on the model
results
The accurateformulationof the predictionof the diffusion equationsand
analysisof predictionstherefromformsthebasisandheartof themembraneformation
modeling.Thediffusionformalismusedin thisstudycombinesthermodynamicandself
diffusiondata,thereforeits accuracymainlydependson availabilityof thesedata.In
thissection,theeffectsof freevolumeparametersandcrossdiffusioncoefficientson
modelpredictionswereevaluated.
In Figures 6.31 through6.33, the model resultswere comparedwith the
experimentallyobtainedmassloss dataduringdry casting.In thesefigurescurveA
representstheresultwhichwasobtainedusingdifferentfreevolumeparameterswhile
curveB representsthe predictionwhen the cross coefficientsare assumedto be
negligible.
In thestudyof VerrosandMalamataris(1999),CA freevolumeparameters,
K13 / rand ;23V3',wereregressedas 0.0005and0.638respectivelyusingthebinary
dryingcurvesof CA andacetone.Usingtheregressedvalueof ;23' ;'3wascalculated
as0.225.Thesevaluesaredifferentthanthosecalculatedandreportedin thiswork in
Table6.1Predictionswerethenperformedby insertingVerrosandMalamataris'sfree
volumeparametersintothemodel.As illustratedin Figures6.31through6.33usingfree
volumeparametersreportedin thisworkgivesmuchbetterpredictionswhencompared
withtheexperimentaldatacorrespondingtocaseRl, R2,R3 respectively.This is dueto
thefact thatin Verros andMalamataris'study,temperaturedependentfreevolume
parameters,KI3 / r ,wasregressedusingdatacollectedatjustonetemperature.Included
in Figures6.31-6.33arepredictionsfrom equations4.25through4.28but usingthe
principaldiffusioncoefficients(i.e., thecrossdiffusioncoefficientsweresetequalto
zero).On the basisof resultsevidentin thesefigures,one can concludethatcross
diffusioncoefficientsare not negligibleand stronglyinfluencethe predictionsof
membraneformationmodeling.
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To investigatethe effect of free volume parametersand cross diffusion
coefficientson thepredictionof structureformation,compositionpathscalculatedfor
caseA andB wereplottedon thephasediagramsas shownin Figure6.34and6.35,
respectively.Compositionsin these figures are predictionscorrespondingto the
experimentalcondition,caseR2. The phasediagramcorrespondingto this casewas
plottedpreviouslyin Figure6.28in whichpredictionof compositionswasbasedon free
volumeparametersreportedin Table6.1anddiffusionformalismincludingbothmain
andcrossdiffusioncoefficients.ComparingFigure6.28withFigure6.34showsthatthe
precipitationtimesdecreasedabout10% whendifferentfreevolumeparameterswere
used.Whenthediffusioncoefficientsweresetto zero,boththeprecipitationtimesand
compositionpaths at the substrateand surface regions changeddrastically.A
comparisonbetweenconcentrationpathsin Figure 6.28 and 6.35 indicatesthatthe
morphologyobtainedin Figure6.28hasmuchgreaterasymmetrythanthatobtainedin
Figure 6.35. In fact the predictionsin Figure 6.35 suggeststhat final membrane
structurewill besymmetricandporous.Thispredictionis completelydifferentthanthat
shownin Figure6.28.Consequentlytheresultsshownin thissectionindicatethatcross
diffusioncoefficientsshouldnotbeneglected,otherwise,predictionsof finalmembrane
structurecanbeverymisleading.
6.3Morphologicalstudies
Structuralstudieson celluloseacetatemembranes,preparedfromtwo different
compositions,were conductedusingscanningelectronmicroscopy.Althoughseveral
membraneswerepreparedwith dry castingandimmersionprecipitationtechniquesat
differentprocessingconditions,specificstructurescouldnot be obtainedat the first
trialsduetodeficienciesin samplepreparationtechniquesforSEM analysis.
Figures 6.36 and 6.37 show the SEM pictures taken at two different
magnifications.Membraneswere castat 20 DC from CA solutioncontaining17 %
water,76 % acetoneand 7 % CA andpreparedby dry castingtechnique.In these
pictures,graypartsrepresenthe polymermatrix,while the black partsareporous
regions.Higher magnificationshownin Figure 6.37 indicatesthatmembranehas a
spongelike structureandporesin thestructureareinterconnected.This is a desired
structurefor applications,whichrequirehighpermeabilities.The SEM picturescould
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notbeusedto determinethethicknessof denseskin layerovera poroussublayersince
airandsubstratesidesof preparedmembraneswerenotmarkedbeforetheanalysis.
Figure 6.38 shows the crosssectionof the membranecast from a solution
containing10% water,80 % acetoneand10% CA. ComparingFigure6.36and6.38
indicatesthatdecreasingwaterconcentrationin thecastingsolutionalsodecreasesthe
porosityof themembrane.The modelalsopredictedthat% of porouslayerdecreased
from77.0% to 75.8% asvolumefractionof waterwasdecreasedfrom0.15to 0.10.
This resultwas alsoverifiedby densitymeasurementsin whichdensityof membrane
decreasedfrom0.7to 0.4gr/cm3whileinitialwatervolumefractionwasincreasedfrom
0.ltoO.18.
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Figure 6.36.SEM pictureof crosssectionof a membrane.Initial composition:%17
Water,%76Acetone,% 7CelluloseAcetate.Magnificationx750.
Figure6.37.SEM pictureof crosssectionof a membrane.Initial composition:%17
Water,%76Acetone,% 7 CelluloseAcetate.Magnificationx3500.
Figure6.38.SEM pictureof crosssectionof a membrane.Initial composition:%10
Water,%80Acetone,% 10CelluloseAcetate.Magnificationx1000.
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He
l.03x 10,1(I)
9.30x10,8(4)
CHAPTER 7
MEASUREMENT OF WATER VAPOR PERMEABILITY OF
CELLULOSE ACETATE MEMBRANES
Thepermeabilityandselectivityvaluesof watervaporandothergasesthrough
celluloseacetatemembraneshave industrial importance,especiallyfor the gas
separationapplications.The gasesare transportedthroughmembranesby several
mechanismsuchassolutiondiffusion,Knudsenflow andconvectiveflow depending
ontheporedimensionanddistribution.In additiontothemorphology,therateof mass
transferof speciesin membranesis alteredby the molecularinteractionof the
permeatingasandthemembrane.For polymericmembranes,additionalfactorssuch
as molecularweight,crystallinityandorientationof thepolymeralso influencethe
permeabilityand selectivitycharacteristics.Therefore,due to the differencesIII
membranepreparationroutesdifferentvalueswerereportedin theliterature.
The permeabilityof severalatmosphericandindustrialgasesandwatervapor
throughCA membranesaresummarizedin Table7.1.
Table7.1.Permeabilitycoefficientdataof variousgasesandwatervaporgivenin the
literature
PERMEABILITY (em] (STP) x em) / ( em2x s x atm)
H2 N2 O2 H20 CO2
2.66xlo,8(1) 2.13xlO,9(1) 5.93xlO,9(1) 4.18x10,5(I) 1.75xlO,1(1) 1.42xlO,9(4)
7.59xlO'8(4) l.l 9x10,9(4) 6.79x 10,9(4) 3.04xlO,5(2) 3.04xlO,8(3)
4.09xlO,8(4)
I (Pauly1999)
2 (Fengetal. 1997)
3 (Sadaetal. 1988)
4 (HaoandWang 1998)
In this chapterthe permeabilityof water vapor throughcellulose acetate
membranespreparedfromdifferentinitial castingcompositionswas calculatedusing
steadystatemeasurements.Thedifferencesin thevalueswerediscussedconsideringthe
modelresults.
7.1.Permeationmethods
The permeabilityof diffusantsthroughfilms andmembranescanbe measured,
mainly,by steadystatediffusionandtimelag technique(CrankandPark 1968).The
firstmethodrequiresto measurediffusionratesundersteadystateconditionsandit is
preferredif thetimeto reachsteadystateconditionsis short.Using timelagtechnique;
it is possibletodeterminebothdiffusivityandpermeabilitywithonesetof experimental
data.However,this methodis limitedto systemshavinglow enoughpermeability
valuessuchthatit takessometimefor thediffusantto passthroughthesheet.In this
study;steadystatediffusionmeasurementswere used.Therefore,in the following
section,thismethodis discussedin detail.
Underunsteadystateconditionsdiffusionthrougha planesheetormembraneof
thicknessL is describedbyFick'ssecondlaw:
ac =~(Dac)x ax ax
(7.1)
(7.2)
(7.4)
After a time,steadystateis reachedin whichtheconcentrationremainsconstant
atall positionsof thesheet.If diffusioncoefficient,D, remainsconstant,thenequation
7.1reducesto.
d2C-=0
dx2
If concentrationsof diffusantatsurfacex=Oandx=LaremaintainedconstantatC1, C2
respectivelyand if equation7.2 is integratedtwice betweenx=Oand x=L, then
followingconcentrationprofileis obtained.
C-C1 = x (7.3)
C2 -C1 L
Using equation7.3 therateof masstransferof diffusingsubstanceis calculatedas
follows:
F=_DdC =D(C1-CJ
dx L
If thethickness,L, andthesurfaceconcentrationsCI andC2 areknown,thenD
canbe calculatedfroma singlemeasurementof theflow rate,F. In somesystems,in
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whicha gasor vapordiffusesthrougha membrane,thesurfaceconcentrationsmaynot
beknownbutonlygasor vaporpressureson thetwosidesof thesheetareknown.If a
linear relationshipbetweenthe externalvapor pressureand the corresponding
concentrationwithinthesurfaceofthesheetis assumed,i.e,if Henry'slawis used,
thenequation7.4becomes
C =p S
F =DS(PI - pz)
L
(7.5)
(7.6)
In this equation,theproductof diffusivityand solubilityis definedas permeability
coefficientP.
P=DS (7.7)
Therefore,if the quantityof permeant,F, PI and P2 are measuredat steadystate
conditions,thenthepermeabilitycoefficientcanbecalculated.
7.2.Experimental
Celluloseacetatewith a molecularweightof 50000andan acetylcontentof
39.7% was purchasedfromAldrich. 99 % pureacetoneobtainedfrom Merck was
usedasthesolventand distilledanddeionizedwaterusedasnonsolvent.
Binaryandternarysolutionswerepreparedwith compositionsgivenin Table
7.2.
Table7.2. Thevolumefractionsof thecomponentsin thecastingsolution.
Water
Acetone
CelluloseAcetate
F1
0.00
0.90
0.10
F2
0.10
0.80
0.10
F3
0.18
0.76
0.06
Due to the fastevaporationof solventthesolutionwaspreparedin a closed
glasscontainer.To preventheprecipitationof thepolymer,waterwasaddedaftera
homogeneousacetonecelluloseacetatesolutionwasobtained.Thesolutionswerecast
on a glasssupportwith a 300 ~mopeningcastplateat 20 DC and 60 % relative
humidity.The thicknessand the densityof the membraneswere measuredby
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micrometerandpicnometerespectively.Thevolumefractionof theporouslayerwas
calculatedusingdensitiesof membrane,polymerandporesrespectively.
The water vapor permeabilityof the membraneswas measuredwith the
experimentalsetupgivenin Figure7.1.Theexperimentswereperformedat20°C.The
lowersideof themembraneis in thermodynamicequilibriumwithwatervaporhaving
100% relativehumidity,whiletheuppersidefacestheopenatmospherewith 60 %
relativehumidity.Themasslossof waterin thecellwasrecordedfor 2 hoursusingan
analyticalbalancewith 10-4g accuracy.Fromtheslopeof thelinearplotof massloss
of waterwith respectto time,theamountof waterpermeatedper unit area,F, was
calculated.Partial pressuresof water vapor on the lower and upper sides were
calculatedby assumingbothphasesare ideal.Finally, permeabilityof watervapor
throughcelluloseacetatemembraneswascalculatedfromequation7.6.
T= 20De
R l-l =o/" 1f)f)
Figure 7.1. Schematicof experimentalsetupusedin measuringwatervapor
permeabilitycoefficients.
7.3.Resultsand discussion
The physicalpropertiesandwatervaporpermeabilityvaluesof theprepared
membranesaregivenin Table7.3.
Theresultsin Table7.3indicatethatwithincreasingwaterconcentrationin the
initial castingsolution,both pore volumefractionand watervaporpermeabilities
increased.The formerresultsis an agreementwith modelpredictionsdiscussedin
Chapter6. Whenthevolumefractionof waterwas increasedfrom 0.1 to 0.15,the
differencein polymercompositionsof thetwo interfaceswaspredictedto besmaller,
asshownin Figure6.7and6.14,respectively.The implicationof thispredictionis that
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increasingwater concentrationIn the castingsolution causesa final membrane
structurewith thinnerskin layer.Whenthevolumefractionof waterwas increased
from10% to 18%,thefractionof skinlayerdecreasedfrom0.53to 0.29respectively.
Consequently,themeasurementof densities,andwatervaporpermeabilityof prepared
membranesallowedtoverifythemodelpredictionsqualitatively.
The membranespreparedfromwatercontainingsolutionswerewhitein color
andcanbenamedasopaque,whilethemembranepreparedfromacetoneandcellulose
acetate(F1)wascolorlessandtransparent.
Table7.3.Thethickness,density,porevolumefractionandwatervaporpermeability
valuesof theobtainedmembranes.
Fl
F2F3
Thickness(/lm)
242741
Density(gr/cm3)
1.10.70.4
Porevolumefraction
0.164771
Watervaporpermeability(cm3
2.2610-4
4.9410-49.9010-4
(cm3(STP).cm)/(cm2.s.atm)
There is no doubt that, differencesIII densities,pore volume fractions,
permeabilitycoefficientsandopticalpropertiesof membranesarisedueto thevolume
fractionof waterin thecastingsolution.
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CONCLUSIONS
In this study. mathematical model \vas used to describe the formatil~] 01"
asymmetric membranes by dry casting method. The model is fully predictive. i.e.. d()e~
not utilize any adjustable parameters. [t is based on fundamental consenation la\\~. Sl)
can be applied to any membrane forming system. The predicti\'e ability of thl~Il odcl
was e\'aluated by comparing experimentally measured total weight ioss data and n 0(iL'1
predictions. The comparison has sho\\n e:-.:cellentagreement bet\\l:en the prdil i(lil>
and the experimental data for two sets of data and slight de\iation t(Jr the case in \' hiell
the solution \\as dilute in polymer. Once the model \,vas\·eritied. simulations h~I\'~Ill'l:' I1
performed to il1\estigate the effects of gas phase conditions. initial lilm thid':l)cs~ ililli
composition on the tinal structure of the membrane. Using SEi\ [ pIC I .Ii'S
morphological studies \\'ere pertormed and in addition. \yater \apor pern]cal,ilit~
coetlicients of the prepared membranes were measured.
The \yater concentration in the initial casting solution was found to be olle ( ,',Ill'
key factors call t1'0II ing the tinal structure 0 I"the membrane. It was seen that. as tile "eile'l
concentration in the initial cast solution increased. the onset of phase separatiol1 \\ ;1:-
delayed and greater asymmetric structure \\as obtained. Also the model predie illl)'
indicated that \vhen the \yater concentration is low enough. dense. nonporoll~ "1)(1
symmetric structures can be formed. These results were veritied \\ith the SEM piculc:-
and \vater vapor permeability measurements. Membrane cast from a solution incll dill~
higher water concentration has higher porosity and shown higher permeability 10 ""lei
vapor.
The decrease in the thickness of the initial casting solution resulted in a dee e,ISL
in the precipitation time and less asymmetry in structure. The predictions indicated th<ll
thicker solution should lead to membrane structure with denser top layer. i.e.. th ekcf
skin layer.
The c\'aporation conditions. i.e.. velocity of air. were found to ha\e a signi I CII1I
effect on the structure tormation. The results ha\'e shown that. \\i th increasing \c I IeII~
of air. dense and nonporous membranes should be obtained. Therefore. the predie i(111)
imply that to obtain an asymmetric structure with dense top layer OWl' el p( 1'1iii>
sublayer. membranes should be prepared under free convection conditions.
Themodelpredictionsarequitesensitiveto diffusionformalismandparameters
usedin selfdiffusioncalculations.Theresultshaveclearlyshownthatmulticomponent
diffusioneffectshavestrongimpacton the prediction of membrane formation,
therefore,shouldbe includedin themodel.Otherwise,it wasseenthatresultscanbe
verymisleading.
Finally,all theresultssuggesthatthemodelcanbeutilizedasatooltooptimize
membraneformation,sinceslight changesin the membranefabricationrecipescan
greatlyinfluencethefinal structure.This is a veryimportantadvantagesincemodeling
of thisprocessavoidsextensivetrialanderrorexperimentationandso reducesthecost
of fabrication.
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FUTURE WORK
Future researchesfollowing this studymay include both experimentaland
modelingstudies.
The resultspresentedin thiswork haveshownthatthemodelpredictionsare
quite sensitiveto diffusion formalismand associatedthermodynamicto diffusion
formalismand associatedthermodynamicand transportproperties.In this respect,
multicomponentdiffusivitieswerefoundtohavesignificanteffecton thepredictionsof
structureformation.Experimentalpartof thefutureworkshouldinvolvemeasurements
of multicomponentdiffusivities in membraneforming systems.This is a very
challengingarea in which no one has succeeded yet to measurediffusivitiesin
multicomponentpolymer solutions. Even if it is not possible, diffusion and
thermodynamicsof thebinarypairsof themembranesystemshouldbe.measured.These
measurementswill allowtodeterminerequiredtransportandthermodynamicproperties
accurately.The validityof themodelwasconfirmedusingonly totalweightlossdata.
In additionto weightloss, temperatureof thesolutioncanbe measuredandonsetof
phaseseparationcanbedeterminedby noninvasivereal-timemeasurementtechniques.
Experimentalmeasurementscanbecarriedin a morecontrolledenvironmentin which
temperatureandrelativehumiditycanbevaried.Membranespreparedunderdifferent
conditionsfrom differentrecipesshouldbe investigatedthroughscanningelectron
microscopyand resultingstructureshouldbe comparedwith themodelpredictions.
This task can be accomplishedmuch more easily once SEM is installedin the
laboratory.
Asymmetricmembranespreparedby dry castingmethodcan have many
differentapplicationsrangingfromgasseparationsto ultrafiltration.Thekeyparameter
which determinesthe solubility of a membranefor a specific applicationis the
permeability.So, to determinepossibleapplicationsof preparedmembranes,their
permeabilityto atmosphericgases,suchasHz, Oz, Nz, COz andindustrialgasessuchas
CH4, He, CO, Ar as well as to the compoundsinvolvedin the applicationcan be
determined.Thesemeasurementswill allow to investigatethe effectof preparation
conditionson theselectivityandpermeabilityof membranes.
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The modelpresentedheredescribesthekineticof membraneformationprocess
untilthesolutioncrossthebinodal.Themodeldoesnotprovideanyinformationof the
microstructureof the membrane.Currently,no modelingstudiesexist to describe
microstructureformationin drycastingmethod.Therefore,followingthisthesis,future
modelingstudiesshouldinvolvethekineticsin thespinodalline in whichtwo phases
arepresent.Theseapproacheswill significantlycontributetotheliterature.
--------
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APPENDIX
Program(written in FORTRAN andusingDNEQNF subroutinefrom IMSL) for
calculatingthevolumefractionsof thecomponentin thefilm, and,temperature
andthicknessof film duringdry castingfor a ternarysolution.
C "Modelingof AsymmetricMembraneFormationby
C Dry-CastingMethod."
C
C PROGRAM FOR
C CALCULATING THE VOLUME FRACTIONS IN THE FILM
C TEMPERATURE AND THICKNESS OF FILM
C
C 1:nonsolvent2:solvent3:polymer
C
C N: Numberof gridpoints
C NEQ: Numberof equations
C VMi: molarvolumeof compoi
C SVi: specificvolumeof compoi
C CVi: criticalvolumeof compoi
C DENSi: puredensityof compoi
C DENSS: densityof substrate
C HVAPi: heatof vapor.of compoi
C THINS: Thicknessof support
C TSA:Temperatureof air(supportside)
C TFA:Temperatureof air(filmside)
C PBULi: Bulk pressurecompoi
C PIi: interphasepressureof compi
C HTCS: Heattransfercoeff of substrateside
C HTCF: Heattransfercoeff of film side
C CMTi: Masstransfercoeff of compoi
C HCAPF,HCAPS: heatcapacityof film andsubstrate
C VINIi: Initialvolumefractionof compoi (dimensional)
C TOO: Initialtemperatureof film andsubstrate
C THINF: Initialthicknessof film (dimensional)
C Freevolumeparameters:
C CDOl(DOl) D02(D02)Kl1/?(FKl1) K12/?(FK12)K13/?(FK13)
C K21-Tgl(FK21) K22-Tg2(FK22)K23-Tg3(FK23)JUMP13(FJU13),VFH
C CV31:crit.vol. of CA/crit.vol.of water
C CV32: crit.vol. of CA/crit.vol.of acetone
C Flory HugginsInteractionparameters:FH12,FH13,FH23
C H(i): distancebetweengridpointsasafunctionofGRICl,GRIC2 andH(O)
C PO(i): thedistanceof gridpointsW.r.t.origin(film-substarate)
C DEL T: derivativetime
C DDELT: dimensionlessoftimeincrements
C ENDTIME: stopagetimeof calculation
C VFi: Volumefractionof compoi
C VOLi: Volumefractionof compoi
A 1
C WFi: Weightfractionof compoi
C DMi: Massdensityof compoi
C TOTDM: Totalmassdensityof film
C Di: selfdiffusioncoeff
C Dii: Mutualdiffusioncoeff
C DCPii: derivativeof chemicalpotential.
C THJ I: thicknessof film atcurrentime(dimensionless)
C THJ: thicknessof film atprevioustime(dimensionless)
C Tn: temperatureof film atcurrentime(dimensionless)
C TJ: temperatureof film atprevioustime(dimensionless)
C xn: concentrationsandtemperatureatcurrentime.
C XJ: concentrationsandtemperatureatprevioustime.
C TEMPER, TEM: temperatureof film
C T: dimensionlesstemperature
C A,B,E,G: constantsdefiningthedimensionlesstemperature.
C SUMiJ: summationof volumefractionsatthegridpointsof i in film
C AVENSO,A VESOL,A VEPOL: averagevolumefractionsof nonsolvent,solventand
polymer
C VSi: volumefractionofi atthesubstrateside
C VAi,VIi: volumefractionofi attheairside
C XGUESS :volumefractionsandtemperatureguessvector
C AS,BS,CS,DS,ESantoineconstantforsolvent
C AN,BN,CN,DN,EN antoineconstantfornonsolvent
C ERRREL: errorcriteria
USE MSIMSLMD
IMPLICIT DOUBLE PRECISION(A-H,O-Z)
LOGICAL TPRINT
PARAMETER (NMAX =800,NEQMAX =800)
EXTERNALFCN
C DATA TYPE AND DIMENSION DECLERATION
DIMENSION xn (NEQMAX),XJ(NEQMAX),XGUESS(NEQMAX)
DIMENSION H(O:NMAX),PO(NMAX)
DIMENSION VOL I (NEQMAX), VOL2(NEQMAX), VOL3(NEQMAX)
COMMON ISPMOVO/SVI,SV2,SV3,VMI,VM2,VM3
COMMON IFREVOIIFKII,FKI2,FK13,FK2I,FK22,FK23
COMMON IFREV02/DOI ,D02,CVI,CV2,CV31,CV32
COMMON IINICONNINII,VINI2,VINI3,THINF,THINS
COMMON ITHERCOIFHI2,FHI3,FH23,FH21
COMMON IGRIDSIIH,PO
COMMON IANTOINI AS,BS,CS,DS,TCS,PCS,AN,BN,CN,DN,TCN,PCN
COMMON IPARAIIHTCF,HTCS,CMTI,CMT2
COMMON IP ARA2IHCAPF,HCAPS,TSA,DENSS
COMMON IP ARA3IPBUL I ,PBUL2,DII O,HVAP I ,HVAP2
COMMON IPRETIM/XJ,THJ,TJ
COMMON /RESULT/THn, SUMlJI,SUM2n,SUM3n, DENSF, VnCIO,
VnC20
COMMON ITEMPER/TFA,TINI
COMMON /DELT/DDELT
COMMON ISUM/SUMlJ,SUM2J
COMMON ITIME/TIME
A 2
COMMON fDIFND11TA,D12TA,D21TA,D22TA
COMMON fDIFSfD11TS,D12TS,D21TS,D22TS
COMMON /PRESS/PIl,PI2
C DATA INPUT FROM FILE "INPCA"
OPEN (UNIT=1,FILE='INPCA.TXT')
1 FORMAT (////,8(T50,D10.5,/),T50,D10.5)
WRITE (*,*) 'B'
READ (1,1)THINS,TSA,TFA,PBUL 1,PBUL2,HTCS,HTCF ,CMT1,CMT2
WRITE (*,*) 'C'
2 FORMAT (///,12(T50,D1O.5,/),1///,6(T50,D 1O.5,/))
READ (1,2)AN,BN,CN,DN,TCN,PCN,AS,BS,CS,DS,TCS,PCS,VM 1,
+SV1,CV1,DENS1,HVAPI
3 FORMAT (/,5(T50,D1O.5,/))
READ (1,3)VM2,SV2,CV2,DENS2,HVAP2
4 FORMAT (/,5(T50,D1O.5,/),1,3(T50,D 10.5,/))
READ (1,4)VM3,SV3,CV31,CV32,DENS3,HCAPF,HCAPS,DENSS
5 FORMAT (//,5(T50,D10.5,/),1//,4(T50,D10.5,/),T50,D10.5)
READ (1,5)VINI1,VINI2,VINI3,TINI,THINF,D01,D02,FK11,FK12,FK13
6 FORMAT (3(T50,DlO.3,/),1//,3(T50,D10.5,1))
READ (1,6)FK21,FK22,FK23,FH12,FH13,FH23
7 FORMAT (//,3(T45,D15.7,/),1///,3(T45,D15.7,/))
READ (1,7)GRIC1,GRIC2,H(O),DELT,ENDT,ERRREL
CLOSE (1)
C Endof inputfile
C Outputfiles
OPEN (UNIT=2,FILE='OUTU1.TXT')
OPEN (UNIT=3,FILE='OUTU2.TXT')
OPEN (UNIT=12,FILE='SUBST.TXT')
OPEN (UNIT=13,FILE='SURFA.TXT')
OPEN (UNIT=27,FILE='SURFA2.TXT')
OPEN (UNIT=16,FILE='ERROR.TXT')
OPEN (UNIT=25,FILE='DIFFUS.TXT')
OPEN (UNIT=26,FILE='PRESS.TXT')
C END OF INPUT DATA CONTROL
C FORMAT OF OUTPUT FILES OUTU1.TXT AND OUTU2.TXT
8 FORMAT (30X,'VOLUME FRACTIONS', /,'POSITION', lOX,
+'NONSOLVENT', 8X, 'SOLVENT',5X, 'POLYMER')
WRITE (2,8)
9 FORMAT ('AVERAGE VOLUME FRACTIONS, THICKNESS AND
TEMPERATURE', /,
+'TIME see',5X, 'NONSOLVENT', 3X, 'SOLVENT', 3X, 'POLYMER', 3X,
+'THICKNESS em', 'TEMPERATURE (C)')
WRITE (3,9)
22 FORMAT ('VOLUME FRACT. ON SUBSTRATE'/,5X,'V1',15X,'V2',15X,'V3')
WRITE (12,22)
23 FORMAT ('VOLUME FRACT. ON SURFACE'/,5X,'V1',15X,'V2',15X,'V3')
WRITE (13,23)
C NUMBER OF GRID LINES AND NUMBER OF EQUA nONS
N=100
NEQ=2*N-1
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C Maximumnumberof iterations
ITMAX=500
C Calculationof 001
FH21=FHI2*VM2NM1
C Calculationof gridintervals
POST=O.O
DO 50I=1,N-2
POST=POST+H(I-1)
PO(I)=POST
H(I)=H(I-1)*(1+GRlC1*((1-PO(I))**GRlC2)*H(I-l))
50 CONT~
C
C Calculationof D110
C VF1: Volumefractionof compo1
C WFl: Weightfractionofcomp.1
C DM1: Massdensityof compo1
C TOTDM: Totalmassdensity
VFl=VINII
VF2=VINI2
VF3=VINI3
DMI =VINIl/SVI
DM2=VINI2/SV2
DM3=VINI3/SV3
TOTDM=DMI +DM2+DM3
WFI =DM1/TOTDM
WF2=DM2/TOTDM
WF3=DM3/TOTDM
C Calculationof a freevolumeparameter
VFH=(FK11*(FK21+TINI)*WFl)+(FKI2*(FK22+TINI)*WF2)+(FK13*
+(FK23+TINI)*WF3)
C Calculationof selfdiffusioncoefficientof waterandacetoneatt=O
D1=DOI*DEXP(-(WFI *CV1+WF2*CV2*CV31/CV32+WF3
+*CV31)NFH)
D2=D02*DEXP(-(WFI*CV1*CV32/CV31+WF2*CV2+
+WF3*CV32)NFH)
C Calculationof derivativeof chemicalpotentials
DCP 11=SV1*(1NF 1-1+VM 1NM3+VF2*(VM 1NM2 *FH23-FH 12)-
+(VF2+2*VF3)*FH13)
DCP21=SV1*(-VM2NM 1+VM2NM3+(VF 1+VF3)*(FH21-
FH23)+VM2NM 1*
+(VFI-VF3)*FH13)
C CalculationofDl1 (maindiff. coeff.)att=O
DII0=DMI *(1.0-DM1*SVl)*Dl *DCP11-DMI *DM2*SV2*D2*DCP21
C Initialvolumefractions,temperatureandthickness
DO 60I=I,N-l
XJ(I)=1.0
XJ (I+N -1)=1.0
60 CONT~
C temperature
XJ(2*N-l)=0.0
A 4
C dimensionlesstemperature
TJ=O.O
C dimensionlessthickness
THJ=1.0
C initialintegralof dimensionlessvolumefractions
SUM1J=1.0
SUM2J=1.0
C*********** TIME LOOP FROM DELT TO ENDT*********************
C dimensionlessdeltime
INGTIM=ENDT /DELT
write(*,*) 'ingtim=',ingtim
TIME=O.O
DO 1000J=l,INGTIM
TIME=TIME+DELT
C Calculationof dimensionlessoftimeincrement
ddelt=delt*d110/thinf**2
WRITE (*,*) 'TIME=',TIME, 'SEC'
DO 100I=1,N-1
XGUESS(I)=XJ(I)
XGUESS(I+N-1)=XJ (I+N-1)
100 CONTINUE
C
XGUESS(2*N-1)=XJ(2*N-1)
C IMSL DNEQNF SUBROUTINE TO FIND THE ROOTS OF 2*N-l EQUATIONS
C CALL ERSET (0,1,0)
CALL DNEQNF (FCN, ERRREL, NEQ, ITMAX, XGUESS, XII, FNORM)
DO 80M=1,N-1
XJ (M)=XJ1 (M)
XJ(M +N-1)=XJ 1(M+N-1)
80 CONTINUE
XJ(2*N-1)=XII(2*N-1)
TJ=XII(2*N-1)
THJ=THII
SUM 1J=SUM1II
SUM2J=SUM2II
CRESULTS
C Dimensionalresults
AVENSO=SUM1J*VOOl
AVESOL=SUM2J*VINI2
AVEPOL=1.0-AVENSO-AVESOL
THICKN=THJ*THINF
TEMPER =TJ*(TFA-TOO)+TOO
WRITE(3,10)TIME,AVENSO,AVESOL,AVEPOL,THICKN,TEMPER
10 FORMAT(6(F10.5,3X))
TPRINT=(TIME.EQ.5.0).OR.(TIME.EQ.10.0).OR.(TIME.EQ.15.0).OR.
+(TIME.EQ.20.0).OR.(TIME.EQ .30.0).OR.(TIME.EQAO.0).OR.
+(TIME.EQ.50.0).OR.(TIME.EQ .60.0).OR.(TIME.EQ.70.0).OR.
+(TIME.EQ.80.0).OR.(TIME.EQ.90.0).OR.(TIME.EQ.100.0).OR.
+(TIME.EQ.105.0).OR.(TIME.EQ.110.0).OR.(TIME.EQ.115.0).OR.
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+(TIME.EQ.120.0).OR.(TIME.EQ.125.0).OR.(TIME.EQ.130.0).OR.
+(TIME.EQ.135.0).OR.(TIME.EQ.140.0).OR.(TIME.EQ.145.0).OR.
+(TIME.EQ.150.0).OR.(TIME.EQ.155.0).OR.(TIME.EQ.160.0).OR.
+(TIME.EQ.165.0).OR.(TIME.EQ.170.0).OR.(TIME.EQ.175.0).OR.
+(TIME.EQ.180.0).OR.(TIME.EQ.190.0).OR.(TIME.EQ.200.0).OR.
+(TIME.EQ.250.0).OR.(TIME.EQ .300.0).OR.(TIME.EQ.350.0).OR.
+(TIME.EQ.400.0).OR.(TIME.EQ .450.0).OR.(TIME.EQ.500.0).OR.
+(TIME.EQ.550.0).OR.(TIME.EQ.600.0).OR.(TIME.EQ.800.0).OR.
+(TIME.EQ.1000.0)
IF (TPRINT) THEN
write(2,*) 'TIME=',TIME
DO 2500I=1,N-1
VOL 1(I)=XJ(I)*VINI1
VOL2(I)=XJ(I+N-1)*VINI2
VOL3(I)=1.0-VOL1(1)-VOL2(I)
WRlTE (2,21)PO(I),VOL1(I),VOL2(I),VOL3(I)
21 FORMAT (4(E15.4))
2500 CONTINUE
ELSE
END IF
27 FORMAT(3(E15.6))
VS1=XJ(1)*VINI1
VS2=XJ(N)*VINI2
VS3=1-VS1-VS2
VA1=XJ(N-1)*VINI1
VA2=XJ(2*N-2)*VINI2
VA3=1-VA1-VA2
VNA1=XJ(N-2)*VINI1
VNA2=XJ(2*N-3)*VINI2
VNA3=1-VNA1-VNA2
WRlTE (12,27)VS1,VS2,VS3
WRlTE (13,27)VA1,VA2,VA3
WRlTE (27,27)VNA1,VNA2,VNA3
WRlTE (*,*) FNORM
WRlTE (16,*) TIME, FNORM
55 FORMAT (4(E15.6))
WRlTE (25,*) 'TIME=',TIME
WRlTE (25,55)DllTA, D12TA, D21TA, D22TA
WRlTE (25,55)Dll TS, D12TS,D21TS, D22TS
WRlTE (26,*)TIME, PH, PI2
1000 CONTINUE
C END OF TIME LOOP
CLOSE (2)
CLOSE (3)
CLOSE (12)
CLOSE (13)
CLOSE (16)
CLOSE (55)
CLOSE (26)
CLOSE (27)
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END
C .
C
C IMSL REQUIRED SUBROUTINE FCN .
SUBROUTINE FCN (XJl, F, NEQ)
IMPLICIT DOUBLE PRECISION (A-H,O-Z)
PARAMETER (NMAX=800,NEQMAX=800)
DIMENSION Xll(NEQ), XJ(NEQMAX), F(NEQ)
DIMENSION H(O:NMAX),PO(NMAX)
DIMENSION D11PI(NMAX),D 12PI(NMA.X),D21PI(NMAX),D22PI(NMAX)
DIMENSION DIIMI(NMAX),DI2MI(NMAX),D21MI(NMAX),
D22MI(NMAX)
COMMON IGRIDSI/H,PO
COMMON ITHERCOIFHI2,FHI3,FH23,FH21
COMMON ISPMOVO/SVI,SV2,SV3,VMI,VM2,VM3
COMMON IINICONNINIl,VINI2,VINI3,THINF,THINS
COMMON 1ANTOINI AS,BS,CS,DS,TCS,PCS,AN,BN,CN,DN,TCN,PCN
COMMON /PARAI/HTCF,HTCS,CMTI,CMT2
COMMON /PARA2/HCAPF ,HCAPS,TSA,DENSS
COMMON /PARA3/PBULl,PBUL2,DlI0,HV APl,HV AP2
COMMON /PRETIM/XJ,THJ,TJ
COMMON IRESUL T/THll ,SUMlJl ,SUM211,SUM311,DENSF,Vll CI 0,
VllC20
COMMON ITEMPER/TFA,TINI
COMMON IDELTIDDELT
COMMON ISUM/SUMlJ,SUM2J
COMMON ITIME/TIME
COMMON /PRESS/PII ,PI2
C numberof gridlines
N=(NEQ+1)/2
C Calculationof surfaceconcentrationsatthesubstrateside
Vll Cl O=(Xll(1)*«H(O)+H(1))**2)-Xll(2)*H(0)**2)1
+«H(O)+H(1))**2-H(0)**2)
Vll C20=(Xll(N)*«H(O)+H(1))**2)-Xll (N+1)*H(0)**2)1
+«H(O)+H(1))**2-H(0)**2)
C
C Integrationof volumefractions(dimensionless)
SUMlJI =H(O)*(VllCI 0+Xll (1))/2
SUM2Jl =H(O)*(VJlC20+XJI(N))/2
DO 500 L=2,N-I
SUMlll =SUMlJI +H(L-l)*(Xll (L)+Xll (L-I ))/2
SUM211=SUM211+H(L-I)*(Xll (L+N-I)+Xll (L+N-2))/2
500 CONTINUE
SUM311=(1-(SUMlJl *VINII )-(SUM211*VINI2))NINI3
C
C Thicknessof film
THll =VINI31(1-((VINI 1*SUM lJ 1)+(VINI2*SUM211)))
C
C Densityof thefilm
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DENSF=(SUMln *VOOl/SVl)+(SUM2n *VOO2/SV2)+(SUM3n*VOO3/SV
3)
C Calculationof saturatedvaporpressures
TEM=(Xn (2*N-l )*(TFA-TINI))+TOO
TN=1-TEMlTCN
PSATI =1.0E6*PCN*DEXP((l/(l-TN))*(AN*TN+BN*TN** 1.5+
+CN*TN**3+DN*TN**6))
TS=1-TEMlTCS
PSAT2=1.0E6*PCS*DEXP((l/(l-TS))*(AS*TS+BS*TS**1.5+
+CS*TS**3+DS*TS**6))
C Calculationof interphasepressure
VII =xn (N-1)*VOOl
VI2=Xn(2*N-2)*VOO2
VI3=I-VII-VI2
PI 1=PSATI *DEXP(DLOG(VI 1)+I-VI 1-VMINM2 *VI2-VM INM3 *VI3+
+(FH12*VI2+FH13*VI3)*(VI2+VI3)-FH23*VM IN1vI2 *VI2*VI3)
PI2=PSAT2*DEXP(DLOG(VI2)+1-VI2-VM2NMI *VIl- VM2NM3*VI3+
+(FHI2*VM2NMI *VII +FH23*VI3)*(VII+VI3)-FH13*VM2/VMl *VII *VI3)
C Calculationof temperatureconstants
A=THINF*(HTCF+HTCS)/(D11O*DENSF*HCAPF)
B=-THINF*(CMTI *HVAPI *(PII-PBULl)+CMT2*HV AP2*(PI2-PBUL2))/
+(DENSF*HCAPF*D 11O*(TFA-TINI))
E=THINF*HTCS*(TSA- TFA)/(D11O*DENSF*HCAPF*(TF A-TOO))
G=(DENSS*HCAPS *THINS)/(DENSF*HCAPF*THINF)
CALL DIFFUS(N,VnClO,VnC20,Xn,DIIPI,DI2PI,D21PI,D22PI
+,D11MI,D 12MI,D21MI,D22MI)
C
C timederivativeof thickness
DRTH=(THJl- THJ)/DDEL T
C
DO 300I=I,N-2
IF (LEQ.l) THEN
VnCIB=VnCI0
vn C2B=Vn C20
ELSE
VnCIB=Xn(I-l)
vn C2B=Xn (I+N-2)
END IF
VnCIN=Xn(I)
VnC2N=Xn(I+N-l)
VnCIF=Xn(I+ 1)
vn C2F=Xn (I+N)
C Previoustimeresults
VJCIN=XJ(I)
VJC2N=XJ(I+N-l)
C Timeandpositionderivatives
C timederivativeof concentrationsof compo1and2
DRT 1=(VJl C1N-VJC 1N)/DDELT
DRT2=(Vn C2N-VJC21\T)/DDELT
C firstderivativeof dimensionlesscone.of compo1and2W.r.t.position
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DRXII =((Vn CIF)-(((H(I)/H(I-I ))**2)*Vn CIB)-
+((1-(H(I)/H(I-I))**2)*Vn CIN))/(H(I)*(I +H(I)/H(I-I)))
DRXI2=((Vn C2F)-(((H(I)/H(I-I))**2)*Vn C2B)-
+((I-(H(I)/H(I-I ))**2)*Vn C2N))/(H(I)*(1+H(I)/H(I-I)))
C Equations(continuity)
F(I)=DRTI-(PO(I)/THn *DRTH*DRXII)-(2/((THll **2)*DIIO*(H(I)+H(I-I)
+))*(D11PI(I)*(Vn C1F-vn C1N)/H(I)-D11MI(I)*(Vn C1N-Vll C1B)
+/H(I-I)+(VINI2*SVININIl/SV2)*(D I2PI(I)*(Vn C2F-vn C2N)
+/H(I)-DI2MI(I)*(Vn C2N-vn C2B)/H(I-I )))
F(I+N-I)=DRT2-(PO(I)/THll *DRTH*DRXI2)-(2/((THn **2)*DIIO*
C
+(H(I)+H(I-I))))*(D22PI(I)*(VJ1C2F-vn C2N)/H(I)-D22MI(I)*
+(Vn C2N-VnC2B)/H(I-I)+
+(VINII *SV2NINI2/SVI )*(D2IPI(I)*(VJ1 CIF- vn CIN)/H(I)-D2IMI(I)
+*(Vll CIN- Vll CIB)/H(I-I)))
C
300 CONTINUE
C Equationsfromboundarycondition
F(N-l)=(((THll *SUM1JI)-(THJ*SUMlJ))/DDELT)+(CMT1 *(PIl-PBULI)
+*THINF)/(VINII/SVI *DIIO)
C
F(2*N-2)=((THJ 1*SUM211)-(THJ* SUM2J))/DDEL T)+(CMT2*(PI2-PBUL2)
+*THINF)/(VINI2/SV2*DIIO)
C Heattransferequation
TJ1=Xn(2*N-l)
F(2*N-l)=(Tll-TJ)/DDELT-(A *(1-TJ1)+E+B)/(G+THn)
C
open(unit=l0, file='fnorm.txt')
write(10,*) 'time',time
DO K=I,2*N-I
WRITE(10,*) K, F(K)
END DO
close(10)
RETURN
END
C .
C DIFFUSION SUBROUTINE .
SUBROUTINE DIFFUS(N,VnCIO,VnC20,Xn,DIIPI,DI2PI,D21PI,D22PI
+,D11MI,D 12MI,D21MI,D22MI)
IMPLICIT DOUBLE PRECISION(A-H,O-Z)
PARAMETER (NMAX=800,NEQMAX=800)
DIMENSION xn (NEQMAX), VI (O:NEQMAX),V2(0:NEQMAX)
DIMENSION DIIPI(NMAX),D 12PI(NMAX),D21PI(NMAX),D22PI(NMAX)
DIMENSION
DI1MI(NMAX),D 12MI(NMAX),D2IMI(NMAX),D22MI(NMAX)
COMMON IFREVOIIFKII,FKI2,FK13,FK21,FK22,FK23
COMMON IFREV02/D01,D02,CVI,CV2,CV31,CV32
COMMON /SPMOVO/SVl,SV2,SV3,VMI,VM2,VM3
COMMON /THERCOIFHI2,FH13,FH23,FH2I
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COMMON IINICONNOOI, VOO2,VOO3,THINF,THINS
COMMON /TEMPERJTF A,TOO
COMMON /DIFAID 11TA,D 12TA,D21TA,D22TA
COMMON /DIFS/Dll TS,DI2TS,D21TS,D22TS
C Dimensionaltemperature
T=(XJ1(2*N-1)*(TFA-TOO))+TOO
C Volumeandmassfreactionandmassdensityconversion
DO 750K=O,N-l
IF (K.EQ.O)THEN
VI (K)=VJ1Cl O*VOOl
V2(K)=VJ1C20*VOO2
ELSE
VI (K)=XJ1 (K)*VOO 1
V2(K)=XJ1(K+N-1)*VOO2
ENDIF
750 CONTINUE
C DiJ i+1/2AND DiJ i-1/2calculation
DO 780M=1,2
DO 760K=1,N-2
IF (M.EQ.1)THEN
VF 1=(V1(K)+V 1(K+1))/2
VF2=(V2(K)+V2(K+1))/2
ELSE
VF1=(Vl(K)+V1(K-1))/2
VF2=(V2(K)+V2(K-l))/2
END IF
VF3=I-VF1-VF2
DM1=VF1/SVI
DM2=VF2/SV2
DM3=VF3/SV3
TOTDM=DMI +DM2+DM3
WFI =DMl/TOTDM
WF2=DM2/TOTDM
WF3=DM3/TOTDM
C Calculationof selfdiffusioncoefficients
VFH=(FK11*(FK21+T)*WFl)+(FKI2*(FK22+T)*WF2)+
+(FK13*(FK23+T)*WF3)
D1=D01*DEXP(-(WF1*CVl+WF2*CV2*CV31/CV32+
+WF3*CV31)NFH)
D2=D02*DEXP(-(WFI*CVl *CV32/CV31+WF2*CV2+
+WF3*CV32)NFH)
C Calculationof derivativeof chemicalpotentialsW.r.t.
DCP11=SVI*(1NF1-1+VM1NM3+VF2*(VM1NM2*FH23-FH12)-
+(VF2+2*VF3)*FH 13)
DCP 12=SV2*(-(VM 1NM2)+VM 1NM3+(VF2+VF3)*(FHI2-
FH13)+VMINM2*
+(VF2-VF3)*FH23)
DCP21=SV1*(-VM2NM 1+VM2NM3+(VF 1+VF3)*(FH21-
FH23)+VM2NM1 *
+(VFl-VF3)*FH13)
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DCP22=SV2*(1NF2-1+VM2NM3+VM2NMI *VFl *(FH13-FH12)-
+(VFl+2*VF3)*FH23)
C Calculationof diffusionconstants
IF (M.EQ.l) THEN
DIIPI(K)=DMI *(1-DMI *SVl)*Dl *DCPII-DMI *DM2*SV2*D2*DCP21
D12PI(K)=DMl *(l-DMI *SVl)*Dl *DCP12-DMl *DM2*SV2*D2*DCP22
D21PI(K)=DM2*(1-DM2*SV2)*D2*DCP21-DMI*DM2*SVI *Dl *DCPll
D22PI(K)=DM2*(1-DM2*SV2)*D2*DCP22-DMI*DM2*SVI *Dl *DCP12
C
ELSE
DIIMI(K)=DMI *(1-DMI *SVl)*DI *DCPII-DMI *DM2*SV2*D2*DCP21
D12MI(K)=DMl *(l-DMI *SVl)*Dl *DCP12-DMl *DM2*SV2*D2*DCP22
D21MI(K)=DM2*(1-DM2*SV2)*D2*DCP21-DMI*DM2*SVI *Dl *DCPll
D22MI(K)=DM2*(1-DM2*SV2)*D2*DCP22-DMI*DM2*SVI *Dl *DCP12
END IF
760 CONTINUE
780 CONTINUE
C
Dll TA=(DIIPI(N-2)+DIIMI(N-2))/2
D12TA=(D12PI(N-2)+D12MI(N-2))/2
D2l TA=(D21PI(N-2)+D2IMI(N-2))/2
D22TA=(D22PI(N-2)+D22MI(N-2))/2
c
Dl1 TS=(DIIPI(1)+DIIMI(1))/2
D12TS=(D12PI(1)+D12MI(1))/2
D2l TS=(D2IPI(1)+D2IMI(1))/2
D22TS=(D22PI(1)+D22MI(1))/2
RETURN
END
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Program (writtenin FORTRAN andusingDNEQNF subroutinefrom IMSL) for
plottingthebinodalcurvefor thecelluloseacetate-acetone-waterternarysolution
c
c BINODAL CURVE
c nonsolvent:1
c solvent:2
c polymer:3
c k: interactionparameter
c
USE MS1MSLMD
Parameter(n=5)
doubleprecisionv(n),kI2,k23,k13,ml,m2,m3,fuorm,ernel
doubleprecisionxguess(n),x(n),vll,vI2,v13,v21,v22,v23,c
externalfcn
common/const/vI3,k12,k23,kI3,ml,m2,m3,c
Datak12,k23,kI3,ml,m2,m3/1.3,0.5,1.4,18.0,73.92,30532.0/
ERRREL=1.0E-8
ITMAX=3000
open(unit=2,file='Binodal.txt')
open(unit=3,file='fuorm.txt')
20 format(eI2.6,e12.6,e12.6,eI2.6,eI5.9,eI2.6)
write(*,*) 'Enterinitialestimatesof vII, v12,v21,v22,v23'
read(*,*) vII, v12,v21,v22,v23
10 write(*,*) 'enterv13'
read(*,*) v13
v(1)=vl1
v(2)=vI2
v(3)=v21
v(4)=v22
v(5)=v23
DO 1=1,5
XGUESS(I)=V(I)
END DO
CALL DNEQNF (FCN, ERRREL, N, 1TMAX, XGUESS, X, FNORM)
vll=X(1)
vI2=X(2)
v21=X(3)
v22=x(4)
v23=x(5)
write(2,20)vl1,vI2,v13,v21,v22,v23
goto10
end
Subroutinefcn(x,f, n)
doubleprecision fl, f2,f3,f4,f5,k12,k23,k13,ml,m2,m3,c
doubleprecisionx(n),fen),vl1,vI2,v13,v21,v22,v23
common/const/vI3,kI2,k23,kI3,ml,m2,m3,c
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vll=x(I)
vI2=x(2)
v21=x(3)
v22=x(4)
v23=x(5)
f(1)=(DLOG(v11)+I-vll-m lIm2*vI2-m11m3*v13+(kI2*v12+k13*vI3)*
.(vI2+vI3)-k23*mllm2*v12*vI3)-(DLOG(v21)+I-v21-ml/m2*v22-
m11m3*v23+
.(k12*v22+k13*v23)*(v22+v23)-k23*ml/m2*v22*v23)
f(2)=(DLOG(vI2)+I-vI2-m2/ml*vll-
m2/m3*vI3+(kI2*m2/ml*vll +k23*vI3)
.*(vll +v13)-kI3*m2/ml*vll *vI3)-(DLOG(v22)+I-v22-m2/ml*v21-m2/m3*
.v23+(k12*m2/m1*v21+k23*v23)*(v21+v23)-k13*m2/m1*v21*v23)
f(3)=(dlog(vI3)+I-v13-m3/ml*vll-m3/m2*vI2+(k13*m3/ml*vll +k23*
.m3/m2*vI2)*(vll+vI2)-kI2*m3/ml*vl1*vI2)-(dLOG(v23)+I-v23-m3/ml*
.v21-m3/m2*v22+(kI3*m3/ml*v21+k23*m3/m2*v22)*(v21+v22)
.-kI2*m3/ml*v21*v22)
f(4)=1.0-(vll+vI2+vI3)
f(5)=1.0-(v21+v22+v23)
Return
End
Program (writtenin FORTRAN andusingDNEQNF subroutinefrom IMSL) for
plottingthespinodalcurvefor thecelluloseacetate-acetone-waterternarysolution
USE MSIMSLMD
EXTERNAL FCN
Doubleprecisionvl,v2,v3,kI2,k23,k13,MVl,MV2,MV3
Doubleprecisionx,xguess,fnorm,emel,v
Dimensionx(1),xguess(1),v(1)
Common/constlkI2,k23,kI3,MVl,MV2,MV3,v3
DatakI2,k23,k13,MVl,MV2,MV3/0.9,0.5,1.11,18.0,127.8,30532.0/
ERRREL=1E-l 0
ITMAX=300
N=1
c
open(unit=l,file='spin1.txt')
2 format(20x,16HVolumeFractions,l/,12x,2Hvl,25x,2Hv2,22x,2Hv3)
write(1,2)
V(I)=OA
C Initialguess
10 write(*,*) 'enterv3'
read(*,*) v3
xguess(1)=v(1)
CALL DNEQNF (FCN,ERRREL,N,ITMAX,XGUESS,X,FNORM)
v(I)=x(1)
v2=I-v(I)-v3
write(1,*)v(1),v2,V3
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GOTOIO
close(unit=l)
end
C IMSL requiredsubroutineFCN
Subroutinefcn(x,f,n)
Doubleprecisionv1,v2,v3,k12,k23,k13,MV1,MV2,MV3
Doubleprecisionf,x,G22,G23,G33
Dimensionf(n),x(n)
common/const!k12,k23,k13,MV1,MV2,MV3,v3
vI =x(1)
v2=1-v1-v3
G22=lN 1+MVl/(MV2*V2)-2*K12
G23=lN1-(K12+K13)+MV1/MV2*K23
G33=lN1+MV1/(MV3*V3)-2*K13
f(1)=G22*G33-G23**2
return
end
Program (writtenin FORTRI\N andusingDNEQNF subroutinefrom IMSL) for
plottingthecriticalpoint for thecelluloseacetate-acetone-waterternarysolution
c
c PLAIT POINT
c S: solvent:2
c P: polymer :3
c N: non-solvent:1
c m:molarratio
c K: interactionparameter
c v:volumefraction
USE MSIMSLMD
PARAMETER (N=2)
IMPLICIT DOUBLE PRECISION (A-M,O-Z)
INTEGER ITMAX
EXTERNALFCN
DIMENSION XGUESS(N), X(N)
COMMON ICONSTIK12,K23,K13,M1,M2,M3
ITMAX=300
ERRREL= 1E-10
c Data
k12=1.3
k23=O.5
k13=l.4
mv1=18.0
mv2=73.9242
mv3=30532.0
m1=mvl/mvl
m2=mv2/mv1
A 14
m3=mv3/mvl
c Initalguesses
write(*,*) 'enterinitialguessesvl,v2'
read(*,*) vl,v2
X(1)=Vl
X(2)=V2
XGUESS(1)=X(1)
XGUESS(2)=X(2)
CALL DNEQNF (FCN, ERRREL, N, ITMAX, XGUESS, X, FNORM)
Vl=X(1)
V2=X(2)
V3=1-VI-V2
WRITE (*,*) Vl,V2,V3
WRITE (*,*) FNORM
end
SUBROUTINE FCN (X,F,N)
IMPLICIT DOUBLE PRECISION (A-M,O-Z)
DIMENSION F(N), X(N)
COMMON /CONST/K12,K23,K13,Ml,M2,M3
Vl=X(1)
V2=X(2)
v3=1.O-vl-v2
G22=lNl +Ml/(M2*V2)-2*K12
G23=lNl-(K12+K13)+Ml/M2*K23
G33=lNl +Ml/(m3*v3)-2*K13
G222=(1Nl**2-Ml/M2N2**2)
G223=(1Nl**2)
G233=G223
G333=(lNl **2-Ml/M3N3**2)
f(1)=(g23**2)-g22*g33
f(2)=G222*G33**2-3*G223*G23*G33+3*G233*G23**2-G22*G23*G333
write(*,*) f(1),f(2),v3
RETURN
END
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